Coating and filling of nanometer-scale structures using chemical vapor deposition by Talukdar, Tushar Kanti
 
 
 
 
 
COATING AND FILLING OF NANOMETER-SCALE STRUCTURES 
USING CHEMICAL VAPOR DEPOSITION 
 
 
 
 
 
 
 
BY 
 
TUSHAR KANTI TALUKDAR 
 
 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Mechanical Engineering 
in the Graduate College of the  
University of Illinois at Urbana-Champaign, 2018 
 
 
 
Urbana, Illinois 
 
 
 
Doctoral Committee: 
  
 Associate Professor Elif Ertekin, Chair 
 Professor John R. Abelson, Director of Research 
 Professor Gregory S. Girolami 
 Assistant Professor Sameh H. Tawfick 
 
ii 
 
ABSTRACT 
 Void-free filling of high aspect ratio (AR = 3 to 10) structures, such as trenches or vias, is 
necessary in nanoscale device fabrication. Examples include shallow trench isolation, 
metallization, and reverse tone patterning in integrated circuits and optical waveguides in photonic 
devices.  Gas-phase coating methods such as chemical vapor deposition (CVD) and atomic layer 
deposition (ALD) can be operated in a regime that is kinetically limited by the surface reaction 
rate rather than by the precursor transport rate.  In that regime, the precursor diffuses everywhere 
within the structure, which affords a nearly uniform coating thickness.  However, complete filling 
of a deep structure is ultimately sensitive to the geometry.  In a trench with parallel sidewalls, the 
width of the opening along the centerline decreases as film builds up on the sidewalls, and the rate 
of precursor transport by molecular diffusion declines until it becomes reaction rate limiting.  As 
the supply of precursor deep within the structure dwindles, a residual void (seam) is left along the 
centerline.  This seam is unacceptable in many applications because it leads to a degradation of 
performance, including thermal, mechanical, or electrical properties, or to a higher etch rate during 
surface planarization processes. 
 In this dissertation, I report a newly discovered superconformal CVD method that affords 
bottom-up filling of trenches with oxide: the film growth rate increases with depth such that the 
profile of material develops a “V” shape that fills in along the centerline without a seam of low 
density material.  The method utilizes low pressures of a metal precursor plus a forward-directed, 
lower-pressure flux of co-reactant (water).  Under these conditions, many of the co-reactant 
molecules travel ballistically to the trench bottom where a fraction of them reflect.  This scattering, 
which creates a virtual source of co-reactant from the trench bottom, leads to a superconformal 
growth process whose rate is highest at the bottom and declines towards the opening.  
Simultaneous with this superconformal component is the typical subconformal growth process due 
to the portion of the co-reactant flux that enters the trench opening isotropically; with a sufficiently 
large forward-directed flux, however, the overall profile is superconformal. 
 I demonstrate this approach for filling trenches with HfO2 using 0.09 mTorr tetrakis-
(dimethylamido)hafnium (TDMA-Hf) precursor and 0.009 mTorr H2O co-reactant.  Precursor-
rich growth conditions at a substrate temperature ≤ 270 °C are used to assure that the growth rate 
is kinetically limited (determined) by the H2O flux and is nearly independent of the TDMA-Hf 
flux.  Under these conditions, the growth rate in a trench with an AR of 3.5 increases from 0.6 
nm/min at the top to 1.0 nm/min at the bottom sidewalls (step coverage = 1.6). 
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 I simulate the precursor transport-reaction problem within the trench using a Markov chain 
model to account for both the forward-directed and isotropic reactant fluxes, including the multiple 
re-emission events within the trench, as a function of the surface sticking probability.  The model 
predicts the fraction of the total incident flux that must be forward-directed in order to afford seam-
free filling as a function of the sticking probability and the starting AR.   
 Experimentally, I find that the opening of the trench accumulates a slightly greater 
thickness (a ‘bread-loaf’ profile) that tends to pinch off the trench just before complete filling.  To 
eliminate this effect, I use a molecular growth inhibitor, H(hfac) or H(acac), to reduce the growth 
rate near to the opening.  The result is seam-free filling of trenches with HfO2 up to an AR of 10. 
 I also report CVD of highly conformal MgO film at a high growth rate (up to 300 nm/min) 
and a low substrate temperature (≤ 350 °C) using Mg(DMADB)2 precursor plus H2O co-reactant. 
The film stress is low enough, and the adhesion to the Si substrate is strong enough, to grow 2 µm 
thick MgO film at 350 °C. Conformal growth in microtrenches is demonstrated by controlling the 
precursor sticking probability: using a precursor-rich condition at 270 °C, a step coverage of 98 % 
is obtained in a trench of AR 9 at a growth rate of 7.5 nm/min. Films grown at a very high rate 
(> 90 nm/min) incorporate boron as B2O3, but those grown at a moderately high rate (7-
25 nm/min) have a very low (~ 1 at. %) boron incorporation. The refractive indices are lower than 
bulk MgO due to a reduced physical density (~ 85 % of that of bulk). The measured electrical 
dielectric constant (9.5) and breakdown strength (6 MV/cm) agree well with literature values for 
MgO thin films. 
 This dissertation also reports extremely conformal HfB2 coating in carbon nanotube (CNT) 
forests with height of ≤ 1.7 mm by employing static (unpumped) chemical vapor deposition 
(SCVD), utilizing a high pressure of Hf(BH4)4 precursor up to its full vapor pressure. When the 
substrate temperature is kept low (≤ 200 °C), the growth saturation occurs at a pressure that is 
orders of magnitude lower than the maximum precursor pressure limit, thereby affording a high 
degree of conformality in the forests. A step coverage of 92 % is achieved when the forest height 
is 80 µm. 
 In addition to high conformality, HfB2 coating creates strong joints wherever the 
neighboring CNTs touch each other; this converts the CNT forest with van der Waals interactions 
into a mesoscale composite foam with greatly enhanced mechanical performance. Flat punch 
nanoindentation measurements of HfB2-CNT composites with different HfB2 coating thicknesses 
show that the modulus and compressive strength follow a power law relationship with density 
(~ n ) where the exponent n = 3 and 3.4, respectively.
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CHAPTER 1 
OVERVIEW 
1.1 Introduction 
 Many nanoscale devices require the fabrication of a 3-dimensional structure based on two 
or more materials that achieve the function of interest based on their contrasting optical, electronic, 
thermal or other properties [1].  There exist powerful methods to remove material, such as reactive 
ion etching [2], as well as methods to assemble small units, such as colloidal crystals [3].  However, 
the coating and filling of high aspect ratio features with a desired material remains a challenging 
problem.  An innovative solution would enable significant progress in the design, demonstration, 
and fabrication of advanced devices that require filling.  The solution should apply to a palette of 
materials with dielectric, metallic or refractory properties.   
 Filling of a high aspect ratio feature involves strongly coupled kinetic processes.  The 
deposition precursor must pass through the opening on the sample surface, be transported to the 
required depth, and react on surfaces to deposit film.  In addition, the reaction byproducts must be 
transported out of the feature without decomposing, which otherwise would add impurities to the 
deposited material.  When the deposition rate increases monotonically with the flux of species 
impinging on the surface, then the transport-reaction kinetics (typically, the solution to the 
diffusion-reaction equation) affords a greater deposited thickness near to the opening, tapering to 
a smaller or even no coating at depth.  When carried to completion under these conditions, the 
opening ultimately closes (pinches) off, leaving an unfilled void space or “seam” along the 
centerline of feature. 
 The coating nonuniformity in a deep structure can be partially mitigated if the deposition 
is carried out under conditions of very low surface reaction rate with respect to the transport rate. 
This regime is routinely achieved using atomic layer deposition (ALD) or chemical vapor 
deposition (CVD) in the high-pressure limit, where the deposition rate is fully saturated [4-7].  
However, for technologically demanding applications, such as making lightweight composite 
foam materials, it is still a challenge for these techniques to achieve extremely conformal coating 
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(i.e., step coverage ≈ 1) in a 3-dimensional geometry with very high aspect ratio and high surface 
area. 
 While conformal coating is a challenge, perfect filling is nearly impossible by the above-
mentioned conformal approaches. To achieve seamless fill in a variety of features, a potential 
solution is superconformal growth processes in which the film growth rate is larger at the bottom 
of feature than that at near the opening. Such a superconformal process will produce a “V” shape 
coating profile in a deep feature and gradually enlarge the V angle, thereby eliminating the seam 
formation. Wang, Abelson et al. developed a superconformal CVD process for MgO that utilizes 
competitive kinetic adsorption of precursor and water [8, 9]. But no single method may work for 
varied materials systems because different precursors have significantly different kinetic behavior 
on the film growth surface, including adsorption, desorption, and reaction rates. 
 In addition to the desired kinetics for coating and filling, the deposition processes needs to 
operate at low substrate temperature, due to the restrictive ‘thermal budget’ in the fabrication 
process. Because of the continuous shrinkage in device dimensions, interlayer diffusional mixing 
of chemical elements, which significantly degrades electrical performance of devices, is less 
tolerable; this becomes more crucial in the back-end (metallization) of the microelectronic device 
fabrication. Consequently, there is a high demand for low temperature film growth processes, 
which can be in conflict with requirements for near-bulk composition and properties. Low 
temperature processes are also useful in applications requiring the use of substrates with low 
melting point or tempering temperature, such as polymers. 
1.2 Motivation 
1.2.1 Bottom-up fill in deep trenches 
 A well-recognized, pressing need for bottom-up filling of features exists in the fabrication 
of integrated circuits (IC) in microelectronic devices.  As characteristic dimensions are 
progressively scaled down, future designs call for higher aspect ratio trenches and vias in the 
device isolation [10], ‘back end’ metallization [11], and reverse tone patterning [12] in ICs.  The 
International Technology Roadmap for Semiconductors specifies filling as “challenging, 
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especially for low-k dual damascence metal structures and DRAM at nano-dimensions” [13].  In 
addition to ICs, filling trenches with specific material is essential in MEMS [14] and photonic [15, 
16] device manufacturing. 
 Filling defects include residual void space or formation of a low-density seam along the 
centerline [17].  This seam is unacceptable in many applications because it leads to a degradation 
of performance, including thermal or mechanical properties [18, 19], or electrical conductivity 
[20-22], or to a higher etch rate during surface planarization processes [23]. 
1.2.2 Reported filling methods 
 Four available filling methods in the literature – iodine-catalyzed CVD of Cu and Mn [24-
26], electrodeposition using curvature enhanced accelerator coverage [1, 27-31], high density 
plasma CVD for AR ~ 2 to 4 [32, 33], and atomic layer deposition via highly conformal coating 
[16, 34-39] – were summarized in a previous publication by our group [8]. In addition to discussing 
these reported filling methods, that report introduced a new superconformal method for MgO by 
two-reactant CVD of Mg(DMADB)2 precursor and water co-reactant [8]. In general, the use of a 
filling method depends on the kinetic behavior of the deposition precursor, and via those kinetics, 
on the geometry of the feature to be filled. For example, the superconformal process for MgO film 
growth depends on the combination of (i) a competition for surface adsorption sites between 
precursor and water co-reactant, and (ii) a large ratio in molecular diffusivity between the high-
mass precursor and low-mass water. The underlying requirements of a filling method are not 
necessarily achievable with available precursor molecules. 
1.2.3 This dissertation: New superconformal CVD method 
 In this dissertation, I report a newly discovered superconformal CVD method that affords 
bottom-up filling of trenches with oxide using a precursor that is otherwise not ideal – no surface 
competition and high reactivity. The film growth rate increases with depth such that the profile of 
material develops a “V” shape that fills in along the centerline without a seam of low density 
material.  The method utilizes low pressures of a metal precursor plus a forward-directed, lower-
pressure flux of co-reactant (water).  Under these conditions, many of the co-reactant molecules 
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travel ballistically to the trench bottom where a fraction of them reflect.  This scattering, which 
creates a virtual source of co-reactant from the trench bottom, leads to a superconformal growth 
process whose rate is highest at the bottom and declines towards the opening.  Simultaneous with 
this superconformal component is the typical subconformal growth process due to the portion of 
the co-reactant flux that enters the trench opening isotropically; with a sufficiently large forward-
directed flux, however, the overall profile is superconformal. 
1.2.4 Conformal coating of complex 3-dimensional structures 
 It has long been a goal in the materials research and development community to create 
lightweight composite materials with enhanced mechanical, thermal or electrical properties. One 
such realization is described by Prof. Michael F. Ashby in terms of modulus–density relationship 
in hybrid materials (Figure 1.1) [40]. As pointed out by a green arrow in Figure 1.1, there is an 
empty space in the top left corner of Ashby’s modulus–density chart, indicating the vector for new 
materials development. A new process route to access that empty space is to make hybrid foam 
materials by conformally coating (uniform thickness) a porous template, such as a carbon nanotube 
(CNT) forest, with a second material. 
 CNT forests have a linearly-aligned structure with low-density, high porosity, and weak 
(van der Waals) links at internal crossing points [41, 42]. A 3-dimensional composite (hybrid) 
material can be created by conformal (uniform) coating of a thin film onto the CNTs, i.e., the forest 
serves as a growth scaffold.  The mechanical, thermal and electrical behaviors of the hybrid can 
be engineered with the appropriate choices of coating material, coating thickness and design (shape 
factor) of the scaffold. For mechanical applications in extreme environments, HfB2 is an excellent 
candidate as a coating material: HfB2 is a refractory metallic ceramic with a high melting 
temperature (3250 °C), high bulk hardness (29 GPa) and a metallic resistivity of 8-15 μΩ-cm [43, 
44]. For applications that require a dielectric, conformal coating of CNTs with HfO2 (high-K) is 
an attractive option; examples include: field effect transistors [45], and metal-insulator-metal 
capacitors for energy storage [46], 
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1.3 Experimental Systems 
 All film growth experiments in this dissertation, except for HfB2 and SiNx, are conducted 
in a thermal cold-wall CVD system with a base pressure of ~ 10-8 Torr (Figure 1.2), equipped with 
in situ spectroscopic ellipsometry (SE) (J. A. Woollam M-88). This system has been described in 
the Ph.D. dissertations of former group members Dr. Brent A. Sperling [47] and Dr. Wenjiao Wang 
[48]. The deposition precursor and water co-reactant are injected to the reactor using two sets of 
parallel tubes. One set points towards the reactor inside walls, so that the reactant molecules 
experience multiple scattering events before they reach the substrate; under these conditions the 
partial pressures above the substrate are equal to the average values measured by the capacitance 
manometer elsewhere on the chamber. This set of inlets are used for isotropic (uniform) fluxes of 
reactants. The other set of tubes are pointed perpendicularly at the substrate and is 7 cm away from 
the substrate holder surface; this set of inlets is used for forward-directed fluxes of reactants. In 
situ SE is used to monitor real time film growth on planar substrates, which is then fitted with 
Cauchy optical models for different film materials [49]. 
 HfB2 film growth is performed in a hot-wall static (unpumped) CVD system; details of this 
system are described in Chapter 6. SiNx film growth is done in a Pyrex tube hot-wall CVD reactor, 
evacuated with a roughing vacuum pump with a base pressure of ~ 10-2 Torr (Figure 1.3). 
 Ex situ analyses of film morphology, composition, crystallinity, and optical properties are 
done in the Center for Microanalysis of Materials, Material Research Laboratory at University of 
Illinois. 
1.4 Chapter Summaries 
Chapter 2: Superconformal coating and filling of deep trenches by CVD with forward-
directed fluxes. 
 A new superconformal CVD method is experimentally demonstrate for filling trenches 
with HfO2 using 0.09 mTorr tetrakis(dimethylamido)hafnium (TDMA-Hf) precursor and 
0.009 mTorr H2O co-reactant.  Precursor-rich growth conditions at a substrate temperature 
≤ 270 °C are used to assure that the growth rate is kinetically limited (determined) by the H2O flux 
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and is nearly independent of the TDMA-Hf flux.  Forward-directed flux of water directly impinges 
at the trench bottom, where they partially reflect; this creates a virtual source of water at the 
bottom. Since the film growth rate is proportional to the water flux, the virtual source creates a 
coating profile that is thickest at the bottom, i.e., V-shaped, as needed for trench filling. Under 
these conditions, the growth rate in a trench with an aspect ratio of 3.5 increases from 0.6 nm/min 
at the top to 1.0 nm/min at the bottom sidewalls (step coverage = 1.6). 
• “Superconformal coating and filling of deep trenches by chemical vapor deposition 
with forward-directed fluxes”, T. K. Talukdar, W. B. Wang, G. S. Girolami, and J. R. 
Abelson, ready for submission (waiting for patent disclosure). 
Chapter 3: Modeling of superconformal CVD in deep trenches with forward-directed 
fluxes. 
 A kinetic model is developed to simulate superconformal CVD with forward-directed 
fluxes. The model employs Markov chain calculations for the ballistic transport of water from the 
isotropic source outside the trench and the virtual source created by the impinging forward-directed 
flux. We investigate the range of parameters that afford, in the model output, trench profiles similar 
to experiment. These results are then extended to a rectangular trench with AR of 10 and V-shaped 
trenches with different sidewall taper angles (1 to 5°) with respect to the trench axis. The model 
provides quantitative information, such as the critical V angle for complete fill when a rectangular 
trench covert to a V-shaped one and the dependence of the superconformal process (aspect ratio) 
on the water sticking probability and the fraction of forward-directed water flux 
• “Superconformal coating and filling of deep trenches by chemical vapor deposition 
with forward-directed fluxes”, T. K. Talukdar, W. B. Wang, G. S. Girolami, and J. R. 
Abelson, ready for submission (waiting for patent disclosure). 
Chapter 4: Seamless fill of deep trenches by CVD: Use of a molecular growth inhibitor to 
eliminate pinch-off. 
 We demonstrate that an isotropic co-flow of a neutral inhibitor molecule during the 
superconformal growth of HfO2 in trenches, using TDMA-Hf and forward-directed water flux, can 
suppress bread-loaf formation at the trench opening. Consequently, the pinch-off of the trench 
opening is eliminated, which affords a complete and seam-free fill of HfO2 in trenches with aspect 
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ratio of ≤ 10. The effect of inhibitor sticking probability on film grown at the trench sidewalls near 
the opening is obtained by simulating the inhibitor flux distribution using a Markov chain ballistic 
transport model; an inhibitor with a high sticking probability and a low desorption rate is ideal to 
eliminate the pinch-off at the trench opening. 
• “Seamless fill of deep trenches by chemical vapor deposition: Use of a molecular 
growth inhibitor to eliminate pinch-off”, T. K. Talukdar, G. S. Girolami, and J. R. 
Abelson, in preparation. 
Chapter 5: High quality MgO film grown at high rate by low temperature conformal 
CVD. 
 MgO thin films are deposited at a substrate temperature of 270-350 °C using magnesium 
N,N-dimethylaminodiboranate precursor, Mg(DMADB)2, and H2O co-reactant. A growth rate of 
up to 200 nm/min is obtained with optimized deposition conditions. Highly conformal coating 
with 98 % step coverage in trenches of aspect ratio 9 is obtained at a substrate temperature of 
270 °C and a growth rate of 7.5 nm/min. Most of the films have dense and column-free 
microstructures with low surface roughness; the film density, measured by a combination of RBS 
and SEM, is 82 – 86 % of bulk. Films grown on Si substrates have good adhesion and low 
coefficient of friction (~ 0.1) in nanoscratch measurements. The refractive indices of the films are 
slightly lower than those of bulk MgO, consistent with the reduced physical densities. Depending 
on the growth conditions, the C content in the films varies between 0.7 – 6.0 at. %, and the B 
content ranges from 1 – 16 at. %. B in the film is present in the B2O3 chemical state; after 
subtracting the O content in B2O3, the O/Mg ratio ~ 1.02 in the MgO matrix. A film grown at a 
temperature of 270 °C and a growth rate of 6 nm/min has an electrical dielectric constant of 9.5 
and a breakdown strength of 6 MV/cm. 
• “High Quality MgO Film Grown at High Rate by Low Temperature Conformal CVD”, 
T. K. Talukdar, S. Liu, Z. Zhang, F. Harwath, G. S. Girolami, and J. R. Abelson, in 
preparation. 
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Chapter 6: Conformal coating of carbon nanotube forests by low temperature CVD. 
 We demonstrate conformal HfB2 coating in CNT forests with height of ≤ 1.7 mm by 
employing static (unpumped) chemical vapor deposition (SCVD), utilizing a high pressure of the 
Hf(BH4)4 precursor, up to its full vapor pressure. When the substrate temperature is kept low 
(≤ 200 °C in present experiments), the growth saturation occurs at a pressure that is orders of 
magnitude lower than the maximum precursor pressure limit, thereby affording a high degree of 
conformality in the forests. A step coverage of 92 % is achieved when the forest height is 80 µm. 
In addition to high conformality, HfB2 coating creates strong joints wherever the neighboring 
CNTs touch each other; this converts the CNT forest with van der Waals interactions into a 
mesoscale composite foam with greatly enhanced mechanical performance.  
  We also demonstrate a case of two-reactant conventional pumped CVD using HfO2 growth 
from TDMA-Hf precursor and water co-reactant, in which the kinetics do not afford simultaneous 
growth saturation for both the reactants. In this case, we deliver the reactants as forward-directed 
fluxes (ballistic transport) to achieve conformal HfO2 coating within a forest. The forward-directed 
flux method is especially useful for CVD precursors for which the growth saturation is not 
observed within the limit of vapor pressure. 
• “Conformal coating of carbon nanotube forests by low temperature chemical vapor 
deposition”, T. K. Talukdar, S. Liu, C. Sandin, S. Tawfick, G. S. Girolami, and J. R. 
Abelson, in preparation. 
Chapter 7: Stiffness and strength of conformal HfB2 coated carbon nanotube forests. 
 We demonstrate the fabrication of HfB2-CNT composite structures. The CVD of CNTs 
allows the fabrication of a scaffold having very low weight density and large open pores that 
represent an ideal substrate for subsequent coating and functionalization. Using an optimized 
SCVD process, the CNT scaffolds are then conformally coated with different HfB2 film 
thicknesses to effectively increase the strength and modulus of the structures.  Owing to the large 
surface area of the CNTs, a HfB2 coating thickness of 45 nm in a 25 µm thick composite structure, 
has ~ 36 % HfB2 content. The properties are analyzed in light of the mechanics of porous materials; 
the modulus and compressive strength follow a power law relationship with respect to the density 
(~ n ) with exponents n = 3 and 3.4, respectively.  We show that this scaling can be 
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mathematically predicted using a minimalistic model, considering that the compressive response 
of the composite structures results from the bending of the coated CNTs. The nearly unity step 
coverage of the HfB2 coating allows the implementation of this simple model.  These results are 
useful steps towards the realization of low density thermal protection system using ultra-high 
temperature ceramics, which are otherwise extremely difficult to process. 
•  “Synthesis and mechanical behavior of ultra-high temperature resistant coatings 
(UHTC) using boride-coated carbon nanotube scaffolds”, C. Sandin, T. K. Talukdar, 
S. Tawfick, and J. R. Abelson, in preparation. 
Chapter 8: Future possibilities and preliminary results. 
 Based on the works reported this dissertation, I discuss promising future possibilities and 
present proof-of-concept results. 
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1.6 Figures 
 
 
 
Figure 1.1. Ashby chart showing Young’s modulus vs. density for selected materials. Reproduced 
from reference [40]. 
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Figure 1.2. Schematic of the cold-wall CVD reactor used for HfO2 and MgO films growth. 
 
 
Figure 1.3. Schematic of the Pyrex tube hot-wall CVD reactor used for SiNx film growth
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CHAPTER 2 
SUPERCONFORMAL COATING AND FILLING OF DEEP TRENCHES 
BY CVD WITH FORWARD-DIRECTED FLUXES 
2.1 Introduction 
2.1.1 Background 
 Void-free filling of high aspect ratio (AR = 3:1 to 10:1) structures, such as trenches or vias, 
is necessary in nanoscale device fabrication. Examples include shallow trench isolation in 
integrated circuits [1] and optical waveguides in photonic devices [2, 3].  Gas-phase coating 
methods such as chemical vapor deposition (CVD) and atomic layer deposition (ALD) can be 
operated in a regime that is kinetically limited by the surface reaction rate rather than by the 
precursor transport rate.  In that regime, the precursor diffuses everywhere within the structure, 
which affords a nearly uniform coating thickness.  However, complete filling of a deep structure 
is ultimately sensitive to the geometry.  In a trench with parallel sidewalls, the width of the opening 
along the centerline decreases as film builds up on the sidewalls, and the rate of precursor transport 
by molecular diffusion declines until it becomes rate limiting.  As the supply of precursor deep 
within the structure dwindles, a residual void (seam) is left along the centerline.  This seam is 
unacceptable in many applications because it leads to a degradation of performance, including 
thermal or mechanical properties [4, 5], or electrical conductivity [6-8], or to a higher etch rate 
during surface planarization processes [9].  
 We have previously shown, using both molecular diffusion and ballistic transport models, 
that a V-shape with an outwards taper is required for conformal growth to afford seam-free filling 
of a trench [10].  The use of a taper, however, places constraints on the device architecture and 
stringent demands on the trench fabrication process.  A possible solution is to develop a coating 
method with superconformal kinetics such that the growth rate is faster at the bottom of the 
structure, which progressively creates a V-shaped taper in the fill material. In principle, such a 
method could even fill structures that originally have a slightly inwards (re-entrant) taper.  We 
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previously demonstrated such a superconformal process [11] for MgO based on the combination 
of (i) a competition for surface adsorption sites between precursor and water co-reactant, and (ii) 
a large ratio in molecular diffusivity between the high-mass precursor and low-mass water. 
2.1.2 Approach 
 Here, we develop superconformal growth of HfO2 from tetrakis(dimethylamido)hafnium  
(TDMA-Hf), Hf(NMe2)4.  We choose the TDMA-Hf precursor because it reacts with water under 
ALD conditions to afford excellent quality HfO2 for gate dielectrics [12-17].  However, the 
reaction kinetics of this molecule differ strongly from those which are the basis for superconformal 
MgO deposition: as we show below, the growth rate, instead of being limited by an adsorption 
competition at the growth surface, is nearly independent of the flux of the Hf precursor and 
increases approximately linearly with the flux of water. The lack of competition for surface sites 
causes CVD growth of HfO2 from TDMA-Hf and water to be subconformal.  
 To achieve superconformal CVD growth from TDMA-Hf, we introduce a new approach 
that utilizes a forward-directed (ballistic) transport of water.  The forward-directed flux is 
established by injecting water vapor through a small diameter delivery tube aligned with the axis 
of the trench; rapid expansion of this vapor into the partial vacuum of the chamber affords a flux 
with a small cone angle, similar to that from a Knudsen evaporation cell with a long chimney.  The 
sticking probability of water molecules upon impact with the film growth surface is less than unity 
(0.02–0.20 in the present experiments).  Therefore, water molecules that arrive forward-directed 
at the trench bottom mostly reflect, which creates a virtual source of this reactant at the trench 
bottom.  The virtual source creates a coating profile that is thickest at the bottom, i.e., V-shaped, 
as needed for trench filling.  In addition to the forward-directed flux, some water arrives at the 
trench opening in an isotropic distribution from the partial pressure of water in the chamber 
background.  For the present conditions, the net growth profile is superconformal when the virtual 
source due to the forward-directed flux is at least equal to that from the background, and when the 
aspect ratio is not too high.  In addition, we show that premature pinch-off, which occurs near the 
end of the filling process, can be eliminated by injecting an inhibitor molecule that reduces the 
film growth rate near the trench opening.  The use of the inhibitor is potentially advantageous, as 
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it does not cause undesirable damage to the substrate structures, compared with the use of periodic 
etch-back to keep the trench open [9, 18].   
 
2.2 Experimental 
 The film growth experiments are conducted in a turbo-pumped cold-wall CVD system 
described elsewhere [19]. The base pressure is 5 × 10-8 Torr, most of which is H2 [20]; the substrate 
is heated radiatively by a tungsten wire mounted behind the substrate holder; the temperature is 
varied in the range of 180-270 °C. The TDMA-Hf precursor (≥ 99.99 %) is obtained from Sigma-
Aldrich and kept in a Pyrex container adapted to a stainless-steel fitting. There is no flow regulation 
device; the mass flow is controlled by heating the source container to temperatures of 25 to 50 °C; 
the delivery tube is heated to 80 °C (slightly below precursor decomposition temperature of 90 °C 
[12]) to avoid condensation on its sidewalls; no carrier gas is used for the precursor.  Deionized 
(DI) water at room temperature is used as the co-reactant; the water partial pressure is controlled 
with a needle valve.  Precursor and water are supplied through separate stainless-steel tubes (4 mm 
i.d.). The precursor and water delivery tubes can be pointed directly at the substrate (they terminate 
7 cm away from the substrate surface) or at the chamber sidewall; the configuration will be 
specified for each experiment below. The partial pressures reported here are the average values 
inside the reactor, which were measured with only precursor or only water flowing before the 
growth experiments.  During film deposition, a slow rate of reaction in the gas phase or on the 
room-temperature chamber sidewalls will consume a portion of the molecules, hence, the partial 
pressures reaching the substrate during growth are smaller than those measured above.  Growth 
rate measurements are done on 1.5 × 1.0 cm planar Si wafers covered with native oxide, which are 
cleaned with standard solvents (in the order of acetone, isopropyl alcohol, DI water, isopropyl 
alcohol, and then dried in a N2 stream) that do not etch the native oxide. For conformal coating 
and filling studies, lithographically defined microtrenches with SiN sidewalls are used. 
 Film microstructure and thickness are determined by cross-sectional scanning electron 
microscopy (SEM). The refractive indices of HfO2 films are derived from ex situ spectroscopic 
ellipsometry data acquired at incident angles of 50°, 60°, and 70° and fit to the Cauchy equation 
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[21]. The film thickness during growth is determined from in situ spectroscopic ellipsometry (SE) 
data using the derived indices and a multilayer optical model; surface and interfacial roughness 
layers are not included because AFM data indicate that the rms surface roughness is < 1 nm. In 
calibration experiments, the film thickness measured by ellipsometry is within ± 5 % of that 
determined from SEM cross-sectional images. The reported film growth rate is the final thickness 
divided by the duration of growth; this calculation assumes that there is no significant nucleation 
delay, which we verified by real-time SE in the growth chamber. Chemical composition and 
bonding are determined by X-ray photoelectron spectroscopy (XPS), and surface roughness is 
measured by atomic force microscopy (AFM).  Rutherford backscattering spectrometry (RBS) is 
used to measure the areal density of Hf atoms; this value is divided by the film thickness as 
measured by SEM to give the density of the Hf sublattice, which is 86 % that of bulk HfO2.   
 The sticking probability of water per sidewall collision is calculated as follows. 
Measurement of the growth rate over a large area planar substrate reveals that most of the growth 
from the forward-directed flux occurs in a circle of radius ~ 18 mm (7 cm away from the outlet of 
the tube), with a linear variation in rate from the center to the edge of the circle (Figure 2.1).  This 
distribution is very similar to that predicted by the cone approximation for a nozzle-jet evaporation 
source [22].  The total mass flow of water through the doser tube is calculated from the steady-
state partial pressure and the measured chamber pumping speed of ~ 50.5 l/s for water.  
Comparison of the impinging water flux on the circular area (radius  18 mm) to the film growth 
rate (expressed as a flux, for 86 % bulk density) indicates that the water sticking probability  is ~ 
0.02 under the conditions used for the data of Figures 2.6 – 2.10.  
 Conformality is reported as step coverage, which is conventionally defined as the ratio of 
film thickness on the sidewall at the bottom of the trench divided by the thickness just below the 
opening.  In some of the present experiments, the film thickness falls to a minimum partway down 
the trench sidewall rather than at the bottom; we take this minimum thickness to compute the step 
coverage. 
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2.3 Growth Results and Discussion 
 The goal of the present study is to achieve the bottom-up filling of trenches with HfO2 by 
CVD.  For this purpose, we have investigated the well-studied combination of precursors tetrakis-
(dimethylamido)hafnium (TDMA-Hf) and water [12-17].  Our earlier work demonstrated that 
conformal CVD of many kinds of thin films can be achieved by saturating the growth surface with 
precursor, and that superconformal CVD can often be achieved by starving the surface of a low 
molecular weight co-reactant [11, 23, 24]. One way to achieve such conditions is to use relatively 
high partial pressures of the metal precursor and low partial pressures of the co-reactant, and we 
therefore began our study in this process regime. The following sections will focus initially on 
ways to effect film conformality and then later will turn to evaluations of the film composition, 
morphology, and physical properties.   
2.3.1 High-pressure experiments to grow HfO2 with isotropic precursor fluxes 
 Initial experiments at relatively high partial pressures of TDMA-Hf (> 1 mTorr) were 
obtained by throttling of the pumping port; the gases were injected towards the chamber sidewall 
to afford isotropic fluxes in the chamber.  It is known that TDMA-Hf reacts readily with 
hydroxylated surfaces and with water [12]; to reduce the reactivity, we maintained the partial 
pressure of water (PH2O) below that of the TDMA-Hf precursor (PTDMA-Hf).  At 270 C with 
5 mTorr TDMA-Hf and 3 mTorr water pressures, the growth rate is relatively high (4 nm/min), 
but the microstructure is columnar and the step coverage (the ratio of film thickness at bottom 
sidewall to that at top sidewall) is poor (Figure 2.2).   
 When PH2O is reduced to 1 mTorr, with the other parameters unchanged, the growth rate 
drops by a factor of 10 to 0.36 nm/min and the film is smooth, dense, and conformal, and the step 
coverage is very good (~ 90 %) in a trench with an aspect ratio of 6.5 (Figure 2.3). The results 
indicate that we can get reasonably conformal films, but only by going to water-starved conditions, 
at which the growth rate is very slow.  
 In an attempt to obtain a higher growth rate while preserving good conformality, the 
precursor and water pressures were increased to 24 and 3 mTorr, respectively; this ratio of partial 
pressures, 8:1, is even more water-starved than for the film of Figure 2.3.  We also reduced the 
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temperature from 270 to 220 °C in order to decrease the rate of desorption from the growth surface.  
These conditions afford films with good conformality at growth rates of 1.6 nm/min on the external 
(top) surface and 1 nm/min on the upper sidewall of the trench (Figure 2.4).  In comparison with 
Figure 2.3, use of higher reactant pressures and lower substrate temperature affords conformal 
coverage at a higher growth rate, provided that the precursor to water partial pressure ratio remains 
approximately  5 (the ratio in Figure 2.3). However, the larger growth rate on the exposed 
surfaces leads to a “bread-loaf” profile that will ultimately pinch off the trench opening before 
complete filling.  A similar bread-loaf profile was reported for the CVD of HfO2 from the closely 
related tetrakis(diethylamido)hafnium precursor and O2, a system in which the reactivity with the 
oxidant is also high [25]. 
2.3.2 Determination of the rate law for HfO2 growth 
 The results above give no indication of a superconformal regime under water-starved 
conditions, in sharp contrast with our prior results for MgO [11].  We therefore decided to carry 
out a more comprehensive investigation of the dependence of HfO2 growth rates on the partial 
pressures of the two co-reactants. To a first approximation, the growth rate depends weakly on 
TDMA-Hf at high pressures but increases almost linearly with H2O pressure (Figure 2.5).  As 
noted in the Experiment section, the partial pressures are measured for each species in the absence 
of reaction. The loss of molecules due to chamber sidewall or gas phase reactions is probably 
responsible for the drop in growth rate at higher precursor pressure (Figure 2.5a).  Nonetheless, 
the data are sufficient to illustrate that growth is dominated by the water flux (1st order) and is 
approximately independent of precursor flux (0th order) above a minimum value.  
 It is not possible from macroscopic data to determine the surface reaction mechanism(s) 
on a microscopic scale.  However, the data are consistent with an Eley-Rideal mechanism in which, 
for a bimolecular reaction (A + B → product), A adsorbs to saturation on the growth surface and 
impinging B reacts directly with adsorbed A without the need to compete for an available surface 
site (A reacts upon collision with B).  In the present experiments, A is TDMA-Hf and B is H2O.  
Several other bimolecular deposition reactions are thought to obey the Eley-Rideal mechanism, 
including TiN from TDMA-Ti and NH3 [26], and Al2O3 from AlCl4 and H2O [27].   
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 These results show that the rate law that governs the growth rate of HfO2 has a very 
different functional dependence on the partial pressures of the two co-reactants than that seen in 
the MgO system:  in the HfO2 system, the rate law is sensitive to the H2O partial pressure but 
largely independent of the Hf precursor partial pressure.  In contrast, in the MgO system, the 
growth rate is more or less equally sensitive to the fluxes of both precursor and water; and in fact 
this second order kinetic dependence is the key to obtaining superconformal growth.  We therefore 
considered whether there is a different strategy for obtaining superconformal HfO2 films.     
2.3.3 Low pressure experiments with directed flux 
 To obtain superconformal growth and filling using the TDMA-Hf precursor, we explored 
a new kinetic option that essentially entails taking a subconformal growth profile and turning it 
upside down in the trench.  In this approach, we deliver a significant portion of the H2O flux 
directly to the trench bottom by aligning the H2O delivery tube with the trench axis, such that most 
of the water molecules travel in a forward-directed manner down the trench. When these water 
molecules reach the bottom of the trench, a fraction of them will reflect and create a virtual source 
of co-reactant located at the trench bottom.  The reaction of these scattered molecules with the Hf 
precursor, which is delivered non-forward-directed, should result in a growth process whose rate 
is highest near the source and that declines towards the opening.  In other words, the growth is 
subconformal when viewed as a function of distance from the trench bottom, but superconformal 
when viewed as a function of distance from the trench opening.  To obtain forward-directed 
(molecular flow) transport between the delivery tube and the substrate, we use reduced pressures 
(< 0.2 mTorr), obtained by evacuating the chamber without throttling; the use of molecular flow 
nearly eliminates the consumption of precursor by gas phase reaction.   
 In initial experiments, we studied how the HfO2 growth rate depends on the presence vs. 
the absence of a forward directed flux of water.  To do this, a substrate that includes both steps and 
trenches is tilted such that the centerline of the trenches is 30° away from the axis of the H2O 
delivery tube. This tilting will create two regions on the surface:  those that are exposed to the 
forward-directed flux, and those that are shielded from this flux by being in the shadow of a surface 
relief feature.  The growth condition is, as before, precursor rich and water starved (0.18 mTorr 
TDMA-Hf and 0.023 mTorr H2O at 200 °C for 70 min) to assure that the growth rate depends 
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mainly on the water flux (Figure 2.6a).  Because the sticking probability is much less than unity, 
much of the incident flux reflects from the substrate and establishes a partial pressure in the 
chamber; this isotropic flux also contributes to growth.   
 For this tilted substrate, we find that the coating thickness is larger for surfaces in line-of-
sight with the source and smaller on surfaces that are shadowed (Figure 2.6b); the growth rates are 
2.0 and 0.9 nm/min, respectively.  The coating thickness near the bottom of trench, which is 
completely shadowed from the forward-directed flux, is nearly conformal before the opening is 
pinched-off. There is a remarkably sharp edge to the left side of the step, marked with a black 
rectangle in Figure 2.6b, which indicates the transition from shadowed growth (exposed to 
isotropic flux only) to un-shadowed growth (exposed to both isotropic and forward-directed flux).  
The relative film thicknesses in these two regions indicate that, under our conditions, the total flux 
is about 60 % directional and 40 % isotropic.   
 We then reoriented the substrate so that its surface normal is aligned with the axis of the 
H2O delivery tube (Figure 2.7a).  In this experiment, the TDMA-Hf delivery tube also points 
normal to the substrate, but it is displaced by 1.5 cm from the H2O tube, so the forward-directed 
flux of precursor is not aligned down the axis of the trench, i.e., precursor must be transported into 
the trenches largely by molecular diffusion.  With this configuration, the resulting film profile is 
remarkable:  using 0.09 mTorr TDMA-Hf plus 0.009 mTorr H2O at 200 °C for 60 min, the coating 
thickness on the trench sidewalls is higher at the bottom, with a gradual decrease in thickness 
toward the trench opening (Figure 2.7b). The step coverage is 1.6, i.e., superconformal growth is 
achieved using a forward-directed flux.   
 As mentioned above, we interpret that the forward-directed flux impinges on the trench 
bottom and the lower sidewalls and, because the sticking probability is < 1, creates a virtual source 
of reactants that originates at the trench bottom.  The scattered flux of H2O from this virtual source 
is thus largest at the trench bottom and decreases toward the aperture; because the film growth rate 
tracks the H2O flux linearly (as we showed above), the result is that the film thickness is greatest 
at the bottom.   
 To prove conclusively that the superconformal effect is controlled by the forward-directed 
transport of H2O, we conducted experiments in which one delivery tube is pointed down the axis 
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of the trench to afford forward-directed transport plus isotropic flux, and the other towards the 
chamber sidewall to afford isotropic flux only.  Experimentally, this is done by switching the gas 
connections external to the chamber, leaving the tubes inside unchanged.  With only water 
delivered in the forward-directed position, using 0.18 mTorr TDMA-Hf plus 0.023 mTorr H2O at 
200 °C for 60 min, the coating profile inside the trench is superconformal with a step coverage of 
1.4 (Figure 2.8).  Thus, a forward-directed flux of TDMA-Hf is not necessary to achieve 
superconformal growth inside the trench; instead, a forward-directed flux of H2O is sufficient.   
 With only TDMA-Hf delivered in the forward-directed position (Figure 2.9a), using 
0.09 mTorr TDMA-Hf plus 0.014 mTorr H2O at 200 °C for 30 min, the coating profile reverts to 
subconformal with a step coverage < 1 (Figure 2.9b). This behavior is consistent with the coating 
profiles in Figures 2.3 and 2.4, for which H2O is delivered isotropically.  Thus, a forward-directed 
flux of TDMA-Hf is not sufficient for superconformal growth inside the trench, but a forward-
directed flux of H2O is necessary.  
 To recap, superconformal growth is obtained when the flux of water, which dominates the 
growth kinetics, is delivered forward-directed down the axis of the trench; superconformal growth 
does not require that the metal precursor be delivered forward-directed.  However, pointing the 
metal precursor tube towards the substrate affords a higher flux at the growth surface than would 
be the case for an isotropic precursor flux (at the same total injection rate into the chamber), which 
enhances the growth rate and help to maintain kinetics that are essentially independent of the flux 
of precursor (Figure 2.5). 
 This approach can be generalized to other precursor–coreactant systems for which a kinetic 
regime exits such that growth is dominated by the flux of one species and coating is reasonably 
conformal. In preliminary screening experiments, we found that HfO2 growth using hafnium tetra-
tert-butoxide (HTB), Hf(OC4H9)4, and H2O exhibits such a kinetic regime. For a HTB pressure > 
0.05 mTorr, a H2O pressure < 0.5 mTorr, and a substrate temperature of 220 °C, the growth rate 
(measured on planar substrate) is limited by the H2O flux and almost independent of the HTB flux 
(Figure 2.10). By choosing appropriate growth conditions (0.13 mTorr HTB and 0.163 mTorr H2O 
at 220 °C for 40 min) along with a forward-directed H2O flux, a superconformal HfO2 coating with 
a step coverage of 1.3 is obtained in a trench with an aspect ratio of 3 (Figure 2.11).  
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2.3.4 Avoiding pinch-off 
 A limitation of this forward-directed flux method is that rapid film growth occurs on the 
exposed top surfaces and creates a ‘bread-loaf’ profile near the top of trench that narrows the 
opening.  An example of this effect is seen for growth of an HfO2 film in a trench with 3.5 aspect 
ratio, using 0.09 mTorr TDMA-Hf and 0.014 mTorr H2O at 200 °C for 60 min (Figure 2.12a). At 
a longer growth time of 90 min, pinch-off occurs prior to complete fill (Figure 2.12b). Complete 
seam-free filling is possible (using the same conditions as in Figure 2.12a or 2.12b) if the trench 
has a slightly higher width at the opening (Figure 2.12c) or a tapered sidewall (Figure 2.12d), either 
of which compensates for the bread-loaf profile.  However, to enable the forward-directed method 
to fill rectangular trenches, formation of a bread-loaf profile at the trench opening must be 
suppressed. 
 We have developed a solution to the bread-loaf problem that involves adding a growth 
inhibitor to the process gasses.  The inhibitor must have the following characteristics: (i) it has a 
high probability to react with the growth surface, such that it will not reflect multiple times from 
the trench sidewalls and be transported deep within the trench; and (ii) it reduces the film growth 
rate by a suitable fraction.  We find that the addition of 0.27 mTorr of hexafluoroacetylacetone to 
the process gasses completely suppresses the bread-loaf formation and enables complete trench 
fill on structures with nearly parallel sidewalls (Figure 2.11).  Similar results are obtained by 
adding the halogen-free analog acetylacetone (the details of using molecular inhibitors will be 
discussed in Chapter 4). 
2.3.5 HfO2 properties 
 Oxide growth is typically carried out with an excess of the oxygen-source in order to 
achieve phase stoichiometry.  Here, our films are grown under water-starved conditions, so it is 
important to determine whether these conditions afford films with useful solid-state properties.  A 
film was deposited using 3.5 mTorr TDMA-Hf and 1.0 mTorr H2O at 180 °C, in which both dosing 
tubes were pointed at the substrate; this configuration leads to greater water starvation (due to the 
higher precursor flux) than the configuration in which only the H2O dosing tube is pointed at the 
surface.   
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 XPS data were acquired after 2 min of argon sputtering to remove surface C (Figure 2.14a); 
after subtraction of the signal due to adsorbed –OH groups [28], the concentrations of Hf, O, and 
N in the film are 33, 65 and 2 at. %, respectively, which corresponds to an O / Hf ratio of 1.97.  
This ratio is stoichiometric within the error of XPS, and consistent with high quality films that can 
be grown from these same two precursors by ALD at 200 °C [12, 14].  The films are quite smooth: 
for the 140 nm thick film of Figure 2.14b, the rms roughness from tapping-mode AFM is 1.0 nm. 
A low roughness indicates that the areal density of nuclei on the substrate was large [29].  A high 
areal density occurs when the barrier to nucleation is small; in situ SE data indicated prompt 
nucleation when the gas flows were turned on, consistent with this interpretation.  
 The refractive index of the same HfO2 film, as measured by ex situ variable angle SE as a 
function of wavelength (Figure 2.14c), is lower than bulk HfO2 by ~ 10% [30].  The best fit result 
from the Cauchy model has no absorption (the extinction coefficient is zero) within the wavelength 
range of 300 to 1700 nm, which implies that there is a low density of defects across the bandgap. 
Using an effective medium approximation [30] in the model, we find that the average film density 
is  84% that of bulk.  A reduced physical density is typical for films grown at relatively low 
temperatures [31]. For a separate film grown using 0.18 mTorr TDMA-Hf and 0.023 mTorr H2O 
at 200 °C (conditions used for superconformal coating in Figure 2.8), the density of the metal 
sublattice evaluated by RBS and SEM is ~ 86 % of that of bulk HfO2. The wavelength-dependent 
refractive index of films grown at other partial pressures (0.015 to 24 mTorr TDMA-Hf and 0.009 
to 3 mTorr H2O) and temperatures (180 to 270 °C) is essentially identical to that shown in Figure 
2.14c. 
2.4 Conclusion 
 We demonstrate a new mode of low temperature CVD that affords superconformal growth 
and filling of deep trenches with HfO2 using the TDMA-Hf precursor with H2O as a co-reactant at 
200 °C.  The approach is based on the simultaneous use of two kinetic regimes.  First, CVD is 
conducted with a small ratio of water to precursor, for which the growth reaction is controlled by 
the water flux and is approximately independent of the precursor flux.  Under these conditions, the 
effective sticking probability (sticking coefficient) of water is about 0.02, which affords partially 
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conformal growth.  Second, water is supplied to the growth surface from a doser tube with a low 
total pressure in the chamber (< 1 mTorr).   
 This dosing protocol creates a very forward-directed molecular flux, similar to the output 
of a nozzle-jet evaporation source.  To achieve forward-directed flux on a large-area substrate, the 
method would involve the use of a showerhead of nozzles for H2O delivery, in combination with 
fast pumping to minimize the isotropic background.  Within each trench, a significant fraction of 
the forward-directed water flux makes its first impact at the bottom of the trench.  But because the 
sticking probability for deposition is low, the majority of the water flux scatters, which creates a 
virtual source of water at the trench bottom.  The virtual source affords a growth rate profile that 
is largest at the trench bottom and tapers towards the opening, i.e., the trench fill is V-shaped.  The 
isotropic water flux also contributes, but the net growth rate is superconformal.  Continued 
deposition then moves the apex of the V towards the opening until trench fill is complete. We also 
show that premature pinch-off near the opening can be eliminated by adding a third reactant that 
serves as a growth inhibitor on upper surfaces.   
 We propose that this approach can be applied to a wide range of precursor–coreactant 
combinations, provided that a regime exists in which the coating is reasonably conformal and the 
growth kinetics are dominated by the flux of one species.   
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2.6 Figures 
 
 
 
Figure 2.1. Thickness variation on planar Si substrate as a function of linear cone angle, which is 
used to identify an area on the substrate where most of the forward-directed H2O flux impinges. 
The dashed line for visualization only. This area and H2O throughput from source container are 
used to calculate an approximate value of sticking probability (). 
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Figure 2.2. PVD-like poor step coverage in trenches of aspect ratio 0.7 (a) and 3 (b) under water-
rich conditions: 5 mTorr TDMA-Hf precursor and 3 mTorr H2O are co-flowed for 60 min at a 
substrate temperature of 270 °C. The film growth rate at the top surfaces is 4 nm/min. 
 
 
Figure 2.3. Excellent step coverage in trenches of aspect ratio 6.5 (a) and 11 (b) under precursor-
rich conditions: the H2O pressure is reduced to 1 mTorr while other conditions are kept the same 
as in Figure 2.2. The growth rate at the trench top is 0.36 nm/min.   
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Figure 2.4. Coating profile in trenches of aspect ratio 3 (a) and 5 (b) for 24 mTorr TDMA-Hf and 
3 mTorr H2O at 220 °C for 60 min. The film growth rate at the trench top is 1.6 nm/min.  
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Figure 2.5. Film growth rates on planar Si (100) substrates at 220 °C measured by spectroscopic 
ellipsometry as a function of (a) TDMA-Hf precursor and (b) H2O partial pressures. Lines through 
data points are a guide for the eye only. 
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Figure 2.6. Film thickness profile obtained by tilting a trench substrate such that the surface 
normal is 30° away from the axis of the delivery tube: a) schematic diagram of the setup and 
growth conditions (growth time = 70 min), and b) cross-sectional SEM image of a trench located 
approximately below the water delivery tube. The sharp edge on the left side of the image is 
marked with a black rectangle. 
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Figure 2.7. a) Growth conditions and orientation of delivery tubes inside the CVD chamber for 
forward-directed flux. b) SEM image of superconformal HfO2 coating (step coverage = 1.6) in a 
trench of aspect ratio 3.5. Growth time = 60 min. A black dashed line is added to show the 
formation of bread-loaf shape at the trench opening. 
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Figure 2.8. a) TDMA-Hf is supplied through a side port so that the substrate receives TDMA-Hf 
flux from the isotropic background only. b) SEM image (growth time = 40 min) showing that 
coating inside trench (aspect ratio = 3.5) is superconformal with a step coverage of 1.4. A black 
dashed line is added to show the formation of bread-loaf shape at the trench opening. 
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Figure 2.9. a) The TDMA-Hf flux is forward-directed and H2O is from the isotropic background 
only. b) Growth inside trench (AR = 4.2) is somewhat conformal but not superconformal (growth 
time = 30 min).  
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Figure 2.10. Film growth rates on planar Si (100) substrates at 220 °C measured by spectroscopic 
ellipsometry as a function of (a) hafnium-tetra-tert-butoxide (HTB) precursor and (b) H2O partial 
pressures. To a first approximation, the growth rate depends weakly on HTB at high pressures 
(> 0.05 mTorr) but increases almost linearly with H2O pressure. 
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Figure 2.11. Cross-sectional SEM image of superconformal HfO2 coating (step coverage = 1.3) 
in a trench of aspect ratio 3. Growth conditions: 0.13 mTorr HTB and 0.163 mTorr H2O at 220 °C 
for 40 min. 
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Figure 2.12. Growth on microtrench substrate at 200 °C with 0.09 mTorr TDMA-Hf and 
0.014 mTorr H2O. a) After 60 min: bottom-up growth with “bread-loaf” profile near the trench 
opening (AR = 3.5). A black dashed line is added to show the bread-loaf shape at the trench 
opening. b) After 90 min: pinch-off prior to complete fill that leaves a short seam near to the trench 
opening (AR = 3.5). c) Bread-loaf can be avoided to achieve seam-free complete filling if the 
trench opening is slightly wider than the depth of trench (AR = 2.4). d) Seam-free complete filling 
in a trench (AR = 2) with tapered sidewalls. 
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Figure 2.13. Growth in trenches (AR = 6) with nearly parallel sidewalls using 0.09 mTorr TDMA-
Hf and 0.014 mTorr H2O at 200 °C for 60 min. a) Without inhibitor: pinch-off with a large void 
in the center. b) With a co-flow of 0.27 mTorr H(hfac) inhibitor that suppresses bread-loaf 
formation to afford complete fill. 
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Figure 2.14. Characterization of 140 nm HfO2 film grown using 3.5 mTorr TDMA-Hf and 
1.0 mTorr H2O at 180 °C. (a) XPS survey after argon sputtering for 2 min; (b) AFM image of the 
same film; (c) refraction index of the same film, as derived from the Cauchy model. 
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2.7 Supplementary Materials 
 Film conformality and morphology are known to be a strong function of the probability 
that a precursor species will react with the film growth surface (REF).  When the reaction involves 
a kinetic competition for available surface sites, then the probability (reaction rate constant) is a 
complex function of the fluxes and temperature [32], and consequently varies with depth inside a 
deep feature.  However, insight can be gained by assuming that the sticking probability () is a 
constant and calculating its value for different growth conditions.  Below, we show that is 
assumption is valid under the conditions of interest in this work.   
An analytical method to estimate  is to model the trench as a blackbody cavity in which precursor 
species either react with the sidewall or escape out through the opening; the trench aspect ratio 
then sets the ratio between the interior surface area and the area of the opening [33].  (This method 
was originally applied to trenches of ~ 0.1 mm width such that the film thickness of < 0.1 µm was 
negligible, i.e., the geometry remained constant.  Here the trenches are narrower, so the effective 
aspect ratio increases as film build up on the sidewalls.  We neglect this effect in order to obtain a 
first estimate.)  The calculated values of β are approximately 1.0 and 0.03 for the trenches in Figure 
2.2(a) and Figure 2.3(a), respectively.   The striking difference in β indicates that surface reactivity 
can be sharply reduced by making the growth conditions water starved, which provides better 
conformality at the expense of a lower growth rate.
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CHAPTER 3 
MODELING OF SUPERCONFORMAL CVD IN DEEP TRENCHES 
WITH FORWARD-DIRECTED FLUXES 
3.1 Introduction 
 In chapter 2, a new superconformal CVD process has been experimentally demonstrated 
for rectangular trenches with nearly parallel sidewalls. Filling is a dynamic process in which the 
feature shape and aspect ratio (AR) continuously evolve. A coating condition that affords super-
conformal growth for the initial feature geometry is not guaranteed to afford the same behavior 
all the way through the filling process. As a feature fills with coating material, the width along 
the centerline continuously decreases, so the aspect ratio increases; this is also the case during 
the formation of a V-shape.  This reduces the particle transport rate and the probability that a 
given area of the surface will receive flux that has been scattered (re-emitted) from other areas of 
the surface. In that regard, mathematical modeling of the coating process inside the trenches is 
invaluable because it affords limits on allowable geometries according to the performance of 
super-conformal coating processes. 
 Previously, a theoretical model for a different superconformal method was developed by 
a former group member, Dr. Wenjiao Wang [1]. In that model, both molecular diffusion and 
ballistic transport of reactants from an isotropic (uniform) source outside the trench were 
considered. The diffusion model was shown to underestimate the precursor fluxes at large depth 
in high AR features; the experimental results were better that could be accounted for by diffusion 
[1]. The main reason behind this underestimation is that the Knudsen diffusion coefficient 
assumes a single mean free path between wall collisions [2], whereas in reality, molecules that 
are emitted at glancing angles to the centerline of the feature will travel long distances without 
collision. On the other hand, the mathematical results obtained from the ballistic model agreed 
well with the experimental results. It was, therefore, concluded that a ballistic transport model is 
necessary to obtain an accurate prediction of the coating behavior inside deep features. 
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 The superconformal CVD method for HfO2 growth in the present work (Chapter 2) is 
obtained by utilizing a relatively high pressure of TDMA-Hf precursor, such that the growth rate 
due to precursor is almost in saturation, and a forward-directed flux of water co-reactant controls 
the growth rate. Water transport occurs from two sources: an isotropic (uniform) flux distribution 
enters the trench through the opening, and a virtual water source at the trench bottom is created 
by the forward-directed flux (Figure 3.1). The experimental data given in Chapter 2 provide 
strong support for the latter, which leads to superconformal filling. 
 In this study, we perform computational modeling using ballistic transport of water from 
the isotropic and forward-directed sources. We investigate the range of parameters that afford, in 
the model output, trench profiles similar to experiment. These results are then extended to a 
rectangular trench with AR of 10 and V-shaped trenches with different sidewall taper angles (1 
to 5°) with respect to the trench axis. The model provides quantitative information, such as the 
critical V angle for complete fill when a rectangular trench coverts to a V-shaped one, and the 
dependence of the superconformal step coverage on the water sticking probability and the 
fraction of forward-directed water flux. 
3.2 Model Assumptions 
 To make the computations tractable, we make several assumptions that are consistent with 
the experimental data in Chapter 2: 
i. Under precursor-rich conditions, the growth rate is independent of the precursor 
pressure and varies linearly with water flux via an effective sticking probability (). 
ii. The growth rate at any one location within the trench is controlled by the flux of water 
from the sum of the two sources, the isotropic flux due to its partial pressure in the 
chamber and the forward-directed flux from the doser tube (Figures 3.1 and 3.2). 
iii. The re-emission of flux from trench wall follows cosine law. There is a report showing 
that when the adsorption surface has roughness or even micro-structures, the re-
emission of adsorbed molecules follows a cosine law [3]. 
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iv. The flux from the doser tube is parallel with the trench axis, and of constant intensity 
across the width of the trench. 
The last of these four assumptions is not strictly true, because molecules exit a doser tube with 
trajectories having a range of angles.  Nevertheless, this assumption is not too badly violated, and 
it serves to illustrate the ideal case of perfect collimation. In addition, it simplifies calculations of 
the dependence of the coating profile on the tilt angle of the trench with respect to the forward-
directed flux and on the taper angle of the sidewalls with respect to parallel. 
3.3 Ballistic Transport 
 An efficient method to calculate ballistic particle transport within a re-entrant structure was 
proposed by Cale et al. [4].  The transmission probability between each area on the surface and all 
other areas is calculated from the angular emission probability with respect to the local normal, 
the solid angle, and the tilt of the receiving surface.  These probabilities are coded into a square 
matrix.  The incident flux on all surfaces is calculated using Markov chain model and coded into 
a column matrix.  For a constant sticking probability, a matrix inversion (which accounts for the 
multiple internal reflections and loss out the opening) then affords the net sticking on all surfaces, 
i.e., the film growth rate.  We previously implemented this method to investigate the conditions 
necessary to fill a V-shaped profile without producing a seam along the centerline [1].  We showed 
that ballistic transport into the apex of the V plays a very strong role in filling, one that is not 
modeled correctly under the approximation of molecular (Knudsen) diffusion with a mean 
displacement between sidewall collisions. 
 The text in the below subsections – model description, impingement flux from isotropic 
source outside the trench, re-emitted flux, and matrix notation for constant sticking probability – 
is adapted from reference [5].  It is reproduced here to provide the necessary details that underpin 
for the present work. 
3.3.1 Model description 
 The particle transport is calculated in three dimensions and the results are projected onto a 
two-dimensional cross-section. This is valid when the trench is very long compared with its width 
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W0 and depth L0 such that it can be considered semi-infinite (Figure 3.3). For an arbitrary position 
i inside the trench, the total receiving flux is the sum of impingement flux from outside the trench 
and the re-emitted flux from all other positions inside the trench that falls onto this position:  
 , , ,total i impinge i r if f f    (3.1) 
The impingement flux ,impinge if  depends on the position i, and is a constant for a defined trench 
shape, given that the flux distribution outside the trench is uniform (stable), and the forward-
directed flux is parallel to the trench axis. The re-emitted flux ,r if  approaches steady state after 
many cycles of wall collisions and re-emission. To calculate the impingment and re-emitted flux 
that falls onto position i, the contributions from every small area at the trench opening, and from 
every other position on the trench walls need to be summed up. Below, for the derivation of ikf , 
,r if , and ikq , we adopt the formulae and notation by Cale [4]. 
3.3.2 Impingement flux from isotropic source outside the trench 
 For the impingement flux, the gas (water) outside the trench is regarded as a uniform and 
isotropic source at the trench opening; the emission across the plane of the opening follows a 
cosine law [6]. From an arbitrary position k in the trench opening (Figure 3.3), the flux that falls 
onto position i obeys: 
  
 
2
cos1
cos
ik
ik k ki ik
ik
f e K
S

    (3.2) 
where ke  is the total equivalent emission flux from position k. ki  is the angle between connection 
of ki and area k’s normal. ikK  stands for visibility between the two positions, which equals 1 if k 
and i are visible to each other, otherwise 0. In this study, for filling of V-shape trench, ikK  is 
constantly 1. Similarly, ik  is the angle between connection of ki and area i’s normal, and ikS
stands for the length of connection of ik. So, the last term gives the solid angle of unit area at 
position i to position k, and 1   is the normalization factor. The total impingement flux to position 
i is then: 
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,impinge i ikk
f f   (3.3) 
As the source is uniform, the emission flux ke  is the same for all other opening positions. If we 
define the term ikq  as 
 
   
2
cos cos1 ik ki
ik ik
ik
q K
S
 
   (3.4) 
Then, this ikq  term gives the fraction of emission flux from position k that hits position i. For 
isotropic source outside the trench, the total impingement flux to position i is an integration over 
all such positions on the trench opening surface: 
  ,impinge i ik kf e q dA    (3.5) 
Setting the origin at the center of the trench opening, we derived the formula for the impingement 
flux to position i (yi, zi): 
            , 0 0
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cos sin cos
2
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Here i  is the angle between position i’s normal and the y-axis (equals zero for a rectangular 
trench), 0z  is the z coordinate for the opening surface (equals zero before deposition), and 0y  is 
the y coordinate for the trench edge at the opening. 
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3.3.3 Forward-directed impingement flux from doser tube 
 The water flux from doser tube reaching the trench is regarded to be parallel to the trench 
axis (Figure 3.2b), and so the forward-directed impingement flux at a position i in the trench is 
simply the projection of the flux from doser tube onto the position i, given as: 
  , sinimpinge i dose if f    (3.7) 
where dosef  is the flux emanating from the doser tube.  
3.3.4 Re-emitted flux 
The re-emission from an arbitrary position j inside the trench also follows a cosine distribution 
with respect to the local normal, as confirmed by numerical simulation for re-emission after 
multiple reflections in surface micro-structures [3]. The total reemitted flux to position i is: 
  ,r i j ij jf e q dA    (3.8) 
where jA  is a small area at arbitrary position j located on the trench sidewall or bottom. However, 
as the re-emitting flux je  varies with position and would change as it approaches steady-state after 
multiple cycles of collision and re-emission, the calculation has to discretize the positions inside 
trench to a series of nodes. 
As the trench is symmetric along the x axis, the results can be projected onto the y-z plane [6]. 
Then, discretizing the positions along the cross-sectional shape of the trench, the re-emitting flux 
that hits position i follows: 
 ,r i j ij jj if e q l
     (3.9) 
where ijq  is integration of ijq  over the x axis, and jl  is the length of section j. 
 Some fraction of the total flux impinging on position i is consumed by surface reaction to 
form film, and the rest is re-emitted: 
 ,i total i ie f r    (3.10) 
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3.3.5 Matrix notation and calculation for steady-state distribution 
 Based on the model described above, we develop a computationally efficient approach, 
which is to group the impingement and re-emitted fluxes for all nodes of the trench into vectors, 
and use a matrix to represent the transport probability between every pair of nodes: 
 impingeF E Q F     (3.11) 
 E F R    (3.12) 
where F is a vector of receiving flux for all nodes; E is a vector of product of emission flux and 
node length, e*l; Q is the matrix of the transmission probability, ijq ; impingeF  is a vector of 
impingement flux; and R is the vector for the reaction rate, which can be a function of receiving 
flux. 
 The initial conditions for the model are: 
 
 
0
0
0 0
0
t impinge
t
t t
F F
E
R f F



 
  (3.13) 
where 0tF  is the initial receiving flux vector (Equation 3.6); 0tE  is the initial emitting flux vector; 
and 0tR  the initial reaction vector calculated based on 0tF . Afterwards, E and F can be re-
calculated with each other according to Equations 3.11 and 3.12, until a self-consistent solution is 
found. When this group of equations achieves steady-state, the stable flux distribution is 
represented by F. 
 In the limit of low pressure (low flux) reaction conditions, the flux and reaction rate are 
related by a constant sticking probability, which is the case for water flux in HfO2 growth. The 
reaction rate is given by: 
 R F S    (3.14) 
where S is a vector of constant sticking probability (β). 
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The following self-consistent equation represents the steady-state: 
  1 impingeF F S Q F       (3.15) 
Solving this equation – which implicitly contains the infinite series of internal reemissions – we 
obtain: 
 
 1 1 .
impingeF
F
S Q

   
  (3.16) 
Thus, in the case of constant sticking probability, the stable flux distribution can be derived from 
a single equation. 
3.4 Ballistic Modeling Results and Discussion 
3.4.1 Fraction of Forward-directed Flux  
 As a test of the ballistic transport model with constant sticking probability, we consider the 
experimental result in the trench of Figure 3.4a. The trench has an aspect ratio of 3.5 and an 
outwards taper angle of 1.1°; the tapered sidewalls will intercept a portion of the parallel flux.  The 
isotropic flux is calculated from the partial pressure in the chamber using the ideal gas law [7]. 
The initial impingement of water on the trench sidewalls depends on the source: for the isotropic 
component it falls rapidly with depth; for the forward directed flux it has a constant small value 
due to the tilt angle (Figure 3.4b).  We treat the ratio of isotropic to forward-directed fluxes as a 
free parameter in the model because it is difficult to measure precisely; this parameter scales the 
growth rates from each source (Figure 3.5).  The constant sticking probability (β) for the growth 
conditions of Figure 3a is calculated to be 0.021 (Chapter 2). A water flux that is 40 % directional 
and 60 % isotropic, with  = 0.021, predicts growth rates of 0.6 nm/min at the top of the sidewall 
and 1.0 nm/min at the bottom of the sidewall.  The predicted step coverage of 1.0/0.6 = 1.6 agrees 
very well with the experimental thickness profile (Figure 3.4a) and supports the hypothesis that 
the superconformal growth is due to the existence of a virtual source of water at the bottom of the 
trench, which is created by scattering of the forward-directed flux. 
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3.4.2 Critical V angle for Complete Fill  
 As the superconformal growth continues, the rectangular trench converts into a V-shaped 
trench (inset of Figure 3.6a). Inside a V-shaped trench the growth rate for both isotropic and 
forward-directed fluxes at any one time will depend on the instantaneous tilt angle  of the sidewall 
with respect to the centerline (axis) of the trench.  Figure 3.6a shows the calculated growth rate 
profiles for four values of the tilt angle ( = 1, 2, 3, and 5°) in the two limiting cases for the water 
flux:  100 % isotropic or 100 % forward-directed.  For a flux that is 100 % forward-directed (solid 
lines), the growth profile inside the trench is superconformal for all  ≥ 2°; for a smaller tilt angle, 
 = 1°, the growth profile is superconformal near to the trench opening and conformal at 
depth/width > 20. Geometrically, the tilt angle defines a nominal aspect ratio, equal to  0.5 tan 
. Once a V shape is formed, complete filling can be achieved using a process that is merely 
conformal [1].  
 In contrast to the above results, for a flux that is 100% isotropic (dashed lines in 
Figure 3.6a), growth is subconformal for all the sidewall tilt angles considered.  We do not 
calculate cases intermediate between a rectangle and a V shape (meaning a V with a broad bottom) 
because a V shape will be the most challenging situation in which to achieve superconformal 
growth.  Thus, if a V shape is superconformal, then intermediate cases will also be.  This approach 
does not cover the possibility that complete fill could result from a situation in which the step 
coverage transits between superconformal and merely conformal as the V is formed.  We suggest 
that for the filling process to be robust, it is best to maintain superconformal growth through the 
creation of the V shape, to avoid the possibility of subconformal coating due to process variations. 
 Experimentally, creating a 100% forward-directed flux inside the trench is not realistic; we 
therefore explore the growth rates (Figure 3.6b) for a linear combination of 40% directional plus 
60% isotropic fluxes, which is the best fit to the experimental data for our system in Figure 3.5. In 
this case, the growth is subconformal for  < 2°, essentially perfectly conformal at 2°, and 
superconformal for larger sidewall tilt angles. In our earlier simulations for a V-shaped trench, we 
showed that the effective aspect ratio rises very sharply as the angle diminishes [1].  As a 
consequence, it is difficult for the growth kinetics of [1] or the kinetics of the present process to 
fill V shapes with  < 2°.  However, improved reactor geometry, i.e., fast pumping to lower the 
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isotropic flux, could increase the contribution of forward-directed flux, and thus the fill in cases of 
small .   
 For the 100% forward-directed flux, the first impingement on the sloped sidewalls is 
constant with depth, but perhaps surprisingly, the water flux (film growth rate) increases with 
depth (Figure 3.7a). This result can be understood as a consequence of a reduced particle loss 
probability: with increasing depth, water molecules see a smaller solid angle to the trench opening, 
hence, have a higher probability of making internal reflections and ultimately contributing to 
deposition, i.e., they mostly get trapped.   
3.4.3 Step coverage, sticking probability and fraction of forward-directed flux  
 To investigate the dependence of step coverage on the water sticking probability and 
fraction of forward-directed water flux, we consider a rectangular trench with an aspect ratio of 10 
(Figure 3.8a) and a V-shaped trench with  = 3° (Figure 3.8b). Note that sticking probability 
depends on the surface chemistry of the reactant molecules and the growth conditions (substrate 
temperature and reactant partial pressure), whereas the fraction of forward-directed flux depends 
on the reactor design (engineering). The required minimum step coverage to convert a rectangular 
trench to a V-shaped one with a certain angle will depend on the time evolution of the coating 
profile inside the trench. For example, step coverage of ≥ 3 is needed to convert a rectangular 
trench with aspect ratio of 10 to a V-shaped trench with  ≥ 2°. Knowing the required minimum 
step coverage, Figure 3.8a can be used to determine a maximum sticking probability and a 
minimum fraction of forward-directed flux. Figure 3.8b then indicates whether the chosen sticking 
probability and fraction of forward-direct flux can also maintain step coverage of ≥ 1 during 
continued filling of the V shape. 
3.5 Distribution of TDMA-Hf Precursor Pressure in Trenches 
 The model developed in this chapter assume that the partial pressure of the TDMA-Hf 
precursor is high enough, compared to the water partial pressure, to afford growth rate saturation 
at all depths in a trench. Since the Hf precursor transport typically occurs from the isotropic flux 
distribution outside the trench (experiments in Chapter 2), its partial pressure drops along the depth 
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of the trench, due to the coupled kinetics of precursor transport and consumption as film at the 
sidewall. Therefore, it is important to assure that we have a high enough flux at the bottom of the 
trench. 
 From the ballistic model above, we already know the film growth rate as a function of 
trench depth, which can be used to calculate the Hf precursor pressure distribution in the trench. 
To use the ballistic transport model for the Hf precursor flux, we need to know the sticking 
probability of the Hf precursor. In a high-pressure saturation regime, the sticking probability of 
the Hf precursor becomes a function of both substrate temperature and its partial pressure [8]; this 
is not the case for water pressure as we operate in a low flux, reaction rate limited regime for water. 
The pressure dependence of the Hf precursor sticking probability causes it to vary with trench 
depth, and an accurate determination of this variation requires surface kinetic information beyond 
the available experimental data in Chapter 2. 
 In contrast, a diffusion-reaction model can approximate the Hf precursor pressure drop in 
a trench based on the available experimental and ballistic model data. A theoretical model for the 
diffusion-reaction in trenches, taking the sidewall taper angle () in a V-shaped trench into 
account, was developed in [1].   
 Here, we use the above-mentioned diffusion-reaction model to calculate the TDMA-Hf 
pressure as a function of depth in a rectangular trench and a V-shaped trench with  = 2° 
(Figure 3.9). For growth saturation, the minimum threshold pressure of the Hf precursor is 
~ 0.03 mTorr (from experimental data in Chapter 2). The result in Figure 3.9 suggest that an 
isotropic Hf precursor pressure of 0.1 mTorr outside a rectangular trench with aspect ratio ≤ 12 is 
sufficient to achieve precursor saturation kinetics at the bottom. However, for the same isotropic 
pressure of 0.1 mTorr outside a V-shaped trenches with  = 2° (nominal aspect ratio = 14), the 
precursor pressure drops below 0.03 mTorr at a depth/width = 8. Note that, as discussed before, 
the diffusion model underestimates the precursor pressure at a large depth in high aspect ratio 
trenches, which becomes more severe at the apex of a V-shaped trench [1]. Nonetheless, this result 
predicts that, to achieve a growth saturation for the Hf precursor when a rectangular trench converts 
to a V-shaped one with  ≤ 2°, the Hf precursor pressure in the reactor needs to be > 0.1 mTorr. 
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3.6 Conceptual Reactor Design for Forward-directed Flux 
 From the ballistic modeling results, the dependence of superconformal step coverage on 
the fraction of forward-directed water flux is predicted in Figure 3.8; a higher fraction of forward-
directed water flux provides a higher step coverage for the same water sticking probability. Also, 
the present experimental results in Chapter 2 are obtained using a single nozzle for the water 
injection into the reactor. To accommodate the superconformal CVD method with forward-
directed fluxes for large-area substrates, an engineering solution is to use a showerhead of nozzles 
for the rate limiting reactant (water in the case of HfO2). In addition to the thickness uniformity on 
large area substrates, such a showerhead needs to produce the necessary fraction of forward-
directed flux to afford the minimum required step coverage (discussed above). Note that the 
surface saturating reactant (TDMA-Hf precursor in the case of HfO2) can be injected into the 
reactor isotropically and, hence, does not need a showerhead for large area substrates. 
 Shower head of nozzles is common in plasma CVD process; however, the conventional 
design of showerhead mainly consider the thickness uniformity on large area substrates [9]. Such 
a design typically includes a plate with array of nozzles (Figure 3.9a), which will create a large 
fraction of isotropic flux over the substrate due to the reflected fluxes; this conflicts with the 
requirement of the superconformal step coverage in the present study. We propose an alternative 
design (conceptual) for a showerhead (and reactor) to deliver water into the reactor (i) using a 
lattice of tubing for the nozzles with gaps between the tubes, and (ii) installing the turbo pump just 
above the shower head for fast pumping of the background flux (Figure 3.9b). The idea behind 
this new design is to reduce the isotropic (uniform) flux of water above the substrate, thereby, 
increase the ratio of forward-directed to isotropic water fluxes, which is necessary to increase the 
superconformal step coverage. 
3.7 Conclusion 
 A kinetic model based on Markov chain calculations is developed to simulate the ballistic 
transport of water from the isotropic source outside the trench and the virtual source created by 
the impinging forward-directed flux. The model predicts that, in the present experimental setup, 
we get about 40 % forward-directed flux and 60 % isotropic flux in a trench with aspect ratio 
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of 3.5. This information is then used with the ballistic transport model to identify the range of 
parameters – step coverage, sticking probability, fraction of forward-directed flux, and V angle – 
that afford complete filling. 
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3.9 Figures 
 
Figure 3.1. Schematic of the flux components inside a cold-wall CVD reactor. The gas emanating 
from the doser tube directly impinges on the substrate, creating a forward-directed flux component. 
The unreacted flux from the substrate then hits the room temperature reactor wall, where it partially 
reacts and partially reflects. The latter component creates an isotropic flux in the chamber that 
reaches the substrate. 
 
 
Figure 3.2. Schematic of coating processes considered for modeling: (a) slightly subconformal 
coating by isotropic background flux, and (b) superconformal coating by forward-directed ballistic 
H2O flux. 
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Figure 3.3. a) Schematic of a rectangular trench showing trench width 0W , depth 0L , and infinite 
length in x-direction. Three-dimensional fluxes are projected onto a two-dimensional cross-section 
(y-z plane). Representative small areas on the sidewalls and trench opening are labeled as i, j, and 
k. The flux falling on any position is found by integration over all elements connected to it via a 
solid angle. b) Schematic of two representative small areas, idA  and jdA . i  is the angle between 
surface normal of i (labeled as ˆin ) and the connecting line between i and j. The solid angle between 
i and j at position i is given by: 
 
2
cos i
ij
ijS

 , where ijS is the length of the connection between 
i and j. 
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Figure 3.4. a) SEM image of superconformal HfO2 coating (step coverage = 1.6) in a trench of 
aspect ratio 3.5, coated using 0.09 mTorr TDMA-Hf and 0.009 mTorr H2O (forward-directed) at 
200 °C for 60 min. b) Calculated Initial water flux distributions on the trench sidewall for the 
forward-directed and isotropic components. The trench sidewall has an outwards taper of 1.1°, so 
it intercepts some of the forward-directed flux. Note the large magnitude of the directed flux at the 
trench bottom. 
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Figure 3.5. Calculated growth rates (with  = 0.021) for isotropic and directional fluxes along 
with different linear combinations of the two. The blue curve (40% directional + 60% isotropic 
fluxes) gives the best fit to the experimental results of Figure 3.4a. 
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Figure 3.6. a) Calculated growth rates for V-shaped trenches with  = 1, 2, 3 and 5°. Inset: 
schematic of a V-shaped trench showing trench width, depth, and sidewall tilt angle . b) Growth 
rates for the same tilt angles using 40% directional plus 60% isotropic fluxes (the best fit linear 
combination in Figure 3.5).  
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Figure 3.7. First impingement and steady state (calculated using ballistic transport method) flux 
distributions inside a V-shaped trench with  = 3° for forward-directed (a) and isotropic fluxes (b). 
In both cases steady state flux inside the trench is higher than the first impingement flux. Once 
molecules reach a depth inside the trench they have less probability to escape out though the trench 
opening. Consequently, they have higher probability of multiple internal reflections inside the 
trench until consumed as film by sticking on trench sidewall (growth). 
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Figure 3.8. Contour plots of step coverage as a function of water sticking probability and fraction 
of forward-directed water flux. a) Rectangular trench with an aspect ratio of 10. b) V-shaped trench 
with  = 3° (nominal aspect ratio = 9.5). 
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Figure 3.9. Diffusion-reaction calculation of the TDMA-Hf precursor pressure as a function of 
depth in a rectangular trench ( = 0°) and a V-shaped trench with  = 2° (nominal aspect 
ratio = 14). A substrate temperature of 200 °C is considered in the calculation. 
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Figure 3.10. Schematics of showerhead: a) conventional showerhead design used for thickness 
uniformity on large area substrates, and b) a new conceptual design to increase the fraction of 
forward-directed water flux, in addition to achieving thickness uniformity.
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CHAPTER 4 
SEAMLESS FILL OF DEEP TRENCHES BY CVD: 
USE OF A MOLECULAR GROWTH INHIBITOR TO ELIMINATE 
PINCH-OFF 
4.1 Introduction 
4.1.1 Background  
 Complete filling of deep trenches or vias with a second material, without leaving a void or 
seam inside, is of high demand for the fabrication of advanced microelectronic and photonic 
devices [1-5]. As the device size shrinks, the effective aspect ratio of these structures increases [6], 
which makes the filling process more difficult to achieve. One major challenge in filling these 
structures is the formation of a thickness overhang near to the opening, called a ‘bread-loaf’ coating 
profile [7], which pinches off the opening prior to complete filling. Cyclic chemical vapor 
deposition (CVD) with periodic plasma etch-back can be used to prevent bread-loaf formation [7]. 
However, plasma etch step sometime causes irrecoverable damage to the underlying substrate [8-
11], which is undesirable for the above applications. 
 We present an alternative solution in which an additional reactant species, which serves as 
a growth inhibitor, is added continuously during the CVD process.  The adsorption and reaction 
properties of the inhibitor are critical.  One category of inhibitor we term non-consumable 
(Figure 4.1a), meaning that the molecule adsorbs reversibly on the growth surface and reduces the 
film growth rate, but ultimately desorbs without dissociation [12].  Due to the reversibility, a non-
consumable inhibitor will reach an equilibrium partial pressure everywhere inside the trench and 
thus reduce the growth rate on all the surfaces. This enhances conformality but does not 
differentially eliminate the bread-loaf problem. We previously reported three cases of non-
consumable inhibition, the use of NH3 during HfB2 growth from Hf(BH4)4 [12], the use of 
dimethyoxyethane (dme) during TiB2 growth from Ti(BH4)3(dme) [13], and the use of vinyl tri-
methyl silane (VTMS) during Cu growth from Cu(hfac)VTMS [14]. In the first case of NH3, 
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inhibition is due to site blocking. Whereas in the latter two cases, the inhibitor appears to stimulate 
the associative desorption of the precursor fragment, Ti(BH4)3 or Cu(hfac), from the growth 
surface; site blocking may occur, but is not required to explain the reduced growth rate.  Note that 
since the initial precursor adsorption step releases dme or VTMS, respectively, the net reaction 
conserves inhibitor molecules, i.e., they are non-consumable.   
 A second category of inhibitor we term consumable (Figure 1b), meaning that it adsorbs 
on the growth surface and tends to dissociate rather than to desorb intact (the adsorption is 
irreversible).  The dissociation products then incorporate into the film, or associate and desorb.  
The film growth rate is reduced either by site blocking due to adsorbed inhibitor or its reaction 
products, or by a reduction in the reactivity of sites that are not site-blocked, but which contain 
heteroatoms from the inhibitor.  To eliminate bread-loaf formation, it is important that (i) the 
consumable inhibitor have a high rate of adsorption and dissociation relative to desorption (i.e. a 
high adsorption constant, defined by the ratio of adsorption to desorption rates), and (ii) any 
products released from the surface are not capable of causing inhibition.  These requirements 
assure that the inhibitor effect takes place on the surfaces directly exposed to the inhibitor flux, 
i.e., near to the trench opening.  By contrast, a low rate of adsorption or dissociation, or an 
inhibition effect from byproducts, creates an inhibition effect that penetrates deeper into the trench, 
similar to the effect of a non-consumable inhibitor. 
 In steady-state, the probability for an incident species to adsorb onto the surface depends 
on the availability of vacant sites, and on a competition between all incident species for adsorption 
on those sites.  We described the mathematics of this situation in an earlier publication [15].  A 
crucial point is that, with increasing partial pressure, the surface will become fully covered with 
adsorbates, which sharply reduces the adsorption rate of subsequently arriving molecules.  If the 
partial pressure of inhibitor is made large enough to saturate the surface (together with the coverage 
of adsorbed precursor), then its adsorption rate will decline, and it will diffuse deep into the 
structure rather than inhibiting growth where it collided with the sidewalls for the first or second 
time.  Thus, when the partial pressure of a non-consumable inhibitor is large enough to induce 
growth rate inhibition, but not so large as to fully saturate the surface, it can eliminate bread-loaf 
shaped coating; whereas at a higher partial pressure, the same inhibitor may diffuse deeper into 
the structure and cause an overall growth rate reduction, but without differentially eliminating the 
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bread-loaf.  Thus, optimization of the partial pressures of inhibitor and reactants is expected to be 
important. 
 We next consider the role of the inhibitor in two kinetic situations. 
4.1.2 The film growth process, by itself, is conformal (or subconformal). 
 The use of an inhibitor creates a superconformal profile (i.e. the step coverage > 1) inside 
trenches by reducing the growth rate mostly at the upper surfaces. We previously reported the use 
of H atoms as an inhibitor for CrB2 film growth from the Cr(B3H8)2 precursor [16]. H atoms, 
generated from a remote H2 plasma source, have a high sticking probability and reduce the CrB2 
growth rates at the trench opening by > 50 %, thereby produces a coating profile with increasing 
film thickness toward the bottom of the trench (superconformal). An intrinsic part of the growth 
kinetics is the removal of excess H from the surface.  The additional H atoms supplied by the 
plasma take part in this kinetics, i.e., they are ultimately removed from the surface rather than 
being incorporated in to the film. 
 In addition to H atoms, we have explored other atomic species and neutral molecules as 
consumable inhibitors (Table 1). For HfB2 film growth from the Hf(BH4)4 precursor, N atoms and 
H(hfac) are able to significantly decrease growth rate (by > 80 %); Pd(hfac)2 is able to completely 
stop the film growth. However, these inhibitors incorporate heteroatoms into the film; and in the 
case of Pd(hfac)2, when the inhibitor is turned off, growth needs to re-nucleate on the relatively 
unreactive surface, which induces a high surface roughness. 
4.1.3 The film growth process, by itself, is superconformal. 
a. An inhibitor is used to enhance the superconformal effect inside a trench, i.e., to increase 
the ratio of growth rate at the bottom sidewall to that at the top sidewall, which is already > 1. 
We previously demonstrated superconformal growth of MgO using competitive surface 
reaction kinetics [17]; this process can completely fill trenches of aspect ratio up to 9.  In this 
case we predict that a suitable inhibitor can be used to enhance the step converge for higher 
aspect ratio (> 10) trenches.  When the rectangular trench is converted to a V-shaped trench, 
the transport of reactant is very difficult when the angle between the side wall and trench axis 
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is equal or less than a value of ~ 3° [18]; the added inhibitor can assist in creating and 
maintaining an angle greater than this. 
b. An inhibitor is used to suppress the bread-loaf formation at the trench opening, thereby 
eliminating pinch-off to afford seamless fill. We recently demonstrated a superconformal CVD 
growth process for HfO2 from tetrakis(dimethylamino)hafnium, abbreviated as TDMA-Hf, 
and H2O using forward-directed flux of rate limiting reactant, which is H2O [19]. This 
approach creates a virtual source of water at the bottom of a trench structure. Because the 
underlying growth kinetics afford a slightly subconformal process, the creation of a virtual 
water source at the trench bottom creates a coating profile that decreases in thickness from the 
bottom to top sidewalls, i.e., it is superconformal from the top. However, since the forward-
directed water flux also impinges on the top surface, the coating on the flat surface outside the 
trench is thicker and eventually forms a bread-loaf profile at the trench opening and pinches-
off before complete fill. The time evolution of a bread-loaf shape and the ultimate failure due 
to pinch-off in a trench with aspect ratio of 3 is demonstrated in Figure 4.2a-c. 
4.1.4 ‘Bread-loaf ratio’ 
 The geometry of a bread-loaf shape at the trench opening can be described by the ratio of 
maximum film thickness at the trench opening (t0) to that at just below the opening where the 
bread-loaf shape has minimum thickness (tmin) (Figure 4.2d); we refer to this, t0/tmin, as the ‘bread-
loaf ratio’. To avoid pinch-off at the trench opening, the bread-loaf ratio must be ≤ 1.0 – an 
important criterion for complete fill. The trench in Figure 4.2a has a bread-loaf ratio of ~ 2; this 
number is similar for the other HfO2 film growth conditions used in the present experiments and 
in our previous report [19]. To reduce the bread-loaf ratio to ≤ 1, a successful inhibitor for complete 
fill should reduce the growth at the top surface of a trench by at least 50 %. 
 In addition to the bread-loaf ratio requirement, the underlying film growth kinetics needs 
to be either: (i) superconformal in a rectangular trench having the capability to form a V-shaped 
fill with sidewall tilt angle ( ) of  ≥ 3° with respect to the trench axis, or (ii) at least conformal 
(step coverage ≤ 1) if a V shape with  ≥ 3° already exists [18, 19]. 
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 In this work, we explore different inhibitors for HfO2 growth from the TDMA-Hf precursor 
and water co-reactant (Table 1); for the inhibitors H(hfac) and H(acac), we demonstrate the 
elimination of pinch-off at the trench opening and achieve complete seamless fill in trenches with 
aspect ratio up to 10. We also use a Markov chain model for ballistic transport-reaction within the 
trench to calculate the inhibitor flux (and consumption rate) for different values of the inhibitor 
sticking probability; the simulation results provide upper and lower bounds on the reaction kinetics 
that inhibitor should exhibit for the present purpose.  
4.2 Experiment 
4.2.1 Film growth 
 The film growth experiments are conducted in a turbo-pumped cold-wall CVD system with 
a base pressure of 5 × 10-8 Torr, most of which is H2. The substrate is radiatively heated to 200 °C 
by a tungsten wire mounted behind the substrate holder; the temperature is measured by a K type 
thermocouple probe clamped to a spot on the substrate holder plate. The TDMA-Hf precursor (≥ 
99.99 %), and inhibitors (3DMAS, MOTMS, H(hfac) and H(acac)) are obtained from Sigma-
Aldrich and kept in a Pyrex container adapted to a stainless-steel fitting. There is no flow regulation 
device for TDMA-Hf; the mass flow is controlled by heating the source container to temperatures 
of 25 to 50 °C; the delivery tube is heated to 80 °C (slightly below precursor decomposition 
temperature of 90 °C) to avoid condensation on its walls; no carrier gas is used for the precursor.  
For all four inhibitors, flow is controlled with needle (metering) valves. Deionized (DI) water at 
room temperature is used as the co-reactant; the water partial pressure is controlled with a needle 
valve.  Precursor, water and inhibitor are supplied through separate stainless-steel tubes (4 mm 
i.d.). The precursor and water delivery tubes can be pointed normal to the substrate (they terminate 
7 cm away from the substrate surface) or at the chamber sidewall. The water delivery tube is 
pointed at the substrate (forward-directed) unless otherwise stated. The inhibitor tube is always 
pointed at the reactor wall to obtain an isotropic flux distribution over the substrate surface. A 
TDMA-Hf pressure of 0.09 – 0.18 mTorr and a H2O pressure of 0.009 – 0.023 mTorr are used in 
this work; these pressure ranges provide superconformal HfO2 coating in trenches [19]. The 
inhibitor pressure is varied within a range of 0.01 – 2.6 mTorr. The partial pressures reported here 
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are the average values inside the reactor, which were measured with only precursor or only water 
or only inhibitor flowing before the growth experiments. The forward-directed fluxes on the 
growth surface are higher than those given by the isotropic pressures. During film deposition, a 
slow rate of reaction in the gas phase or on the room-temperature chamber walls will consume a 
portion of the molecules, hence, the partial pressures reaching the substrate during growth are 
smaller than those measured above.  Growth rate measurements are done on 1.5 x 1.0 cm planar 
Si and 300 nm thermal SiO2/Si wafers. The Si wafers are cleaned using standard solvents (in the 
order of acetone, isopropyl alcohol, DI water, isopropyl alcohol and dry N2 blow), which do not 
etch the native oxide. For conformal coating and filling studies, lithographically defined 
microtrenches with SiN walls are used.   
4.2.2 Film characterization 
 Film microstructure and thickness are determined using cross-sectional scanning electron 
microscopy (SEM). The refractive indices of HfO2 films are derived from ex situ variable angle 
spectroscopic ellipsometry data acquired at incident angles of 50°, 60°, and 70° and fit to the 
Cauchy equation. The film thickness during growth is determined from in situ spectroscopic 
ellipsometry (SE) data using the derived indices and a multilayer optical model, consisting of Si 
substrate, native oxide on Si, and the deposited HfO2 film. The film thickness measured by 
ellipsometry is found to be within ± 5 % of that determined from SEM cross-sectional images. The 
reported film growth rate is the final thickness divided by the duration of growth; this assumes the 
absence of a significant nucleation delay, which we verified by real-time SE in the growth 
chamber. Rutherford backscattering spectrometry (RBS) is used to measure the areal density of Hf 
atoms; this value is divided by the film thickness as measured by SEM to give the density of the 
Hf sublattice. Auger electron spectroscopy (AES) is used to identify the chemical elements in the 
film. Because of the charging effect on HfO2 film surface and preferential erosion of lighter 
elements, AES data are interpreted qualitatively, instead of converting the intensities to atomic 
concentrations. 
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4.3 Results and Discussion 
4.3.1 Ballistic model: inhibitor consumption in trenches 
 The microscopic surface reaction kinetics involving three reactants is inherently complex 
and cannot be fully determined from macroscopic film growth data. However, we show that the 
growth rate variation as a function of the inhibitor flux can be utilized to shift the growth conditions 
near the trench opening, while leaving the kinetics deeper in the trench relatively unchanged. By 
adopting a simple model, in which the inhibitor kinetics are represented by a sticking probability 
per wall collision, the inhibition effect as a function of depth in a trench can be modeled as a 
function of that sticking probability.  
 A ballistic transport-reaction model, fully described in reference [18], is used to calculate 
the net inhibitor flux distribution as a function of trench depth, which is then converted to a 
consumption rate by multiplying with the sticking probability, β (Figure 4.3). We consider three 
different values of β , 0.01, 0.1 and 0.9, referred to as low, medium and high, respectively. Note 
that the film growth rate inside the trench will be reduced by the largest fraction at a depth at which 
the inhibitor consumption is maximum. For low β, the inhibitor consumption rate is nearly uniform 
at all depths in a rectangular trench with aspect ratio 10 (Figure 4.3a), whereas for a medium or 
high β, the inhibitor consumption drops with depth into the trench. However, a small fraction of 
the isotropic flux from outside the trench directly impinges onto the trench bottom and is then 
redistributed on the sidewalls from the bottom towards the top. If β is medium or high, this flux 
redistribution creates a minimum consumption point at some depth above the bottom. 
 In a V-shaped trench with  = 3°, however, the inhibitor consumption monotonically 
decreases with depth for all three (low, medium or high) values of β; the minimum is at the bottom 
of the trench for any β. (Figure 4.3b). This is because, in addition to the absence of a flat bottom, 
transport of molecules toward the apex of V is extremely difficult; here we consider  = 3°, which 
we previously showed to be a minimum angle for superconformal growth of HfO2 in a V-shaped 
trench.   
 For coating inside a rectangular trench with nearly parallel sidewalls, the above results 
predict that the most significant inhibition effect will occur when the trench bottom closes to form 
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a V. To sufficiently reduce the growth rate (by ≥ 50 % in present experiments) at the opening, 
while having a minimum effect on film growth at the lower sidewalls of the trench, an inhibitor 
with medium to high sticking probability will be the most suitable. 
4.3.2 Experimental results 
A. Tris(dimethylamino)silane (3DMAS), [(CH3)2N)]3SiH 
 3DMAS is commonly used as an ALD precursor for SiO2 growth, but reaction with H2O 
requires a high substrate temperature (> 400 °C) [20].  Here we explore whether this molecule can, 
at lower temperature, be used as a non-consumable inhibitor. To rule out the possibility of forming 
a SiO2 layer, we performed experiments with a co-flow of 0.25 mTorr 3DMAS plus 0.5 mTorr 
H2O on a planar Si substrate at 300 °C, and on a SiO2 substrate at 280 °C. For both cases, the 
3DMAS partial pressure was increased to 2.3 mTorr after 10 min. The in situ SE data shows no 
change with time for either substrate, i.e., no film nucleation and growth (Supplementary 
Materials). These temperatures are well above our HfO2 growth temperature of 200 °C, which 
further assures the absence of SiO2 growth.  
 On a planar substrate, co-flowing 3DMAS at a pressure of 0.05 to 0.25 mTorr together 
with 0.18 mTorr TDMA-Hf and 0.019 mTorr H2O at 200 °C, decreases the HfO2 growth rate 
(Figure 4.4a). However, the rate of decrease with increasing P3DMAS is low; for a 3DMAS pressure 
of 0.25 mTorr, the decrease in growth rate is only ~ 24 %, which is not enough to suppress the 
HfO2 bread-loaf. A higher decrease in growth rate (~ 47 %), which still below the critical value of 
50 % identified above, is observed when the 3DMAS pressure is increased to 2.1 mTorr; however, 
at high pressure the sticking probability of 3DMAS may decrease due to surface saturation effects 
[21], leading to similar inhibition on all surfaces. 
 In a trench with an aspect ratio of 6, a 3DMAS pressure of 0.25 mTorr is co-flowed with 
0.18 mTorr TDMA-Hf and 0.023 mTorr H2O at 200 °C (Figure 4.5b). The growth rate at the top 
surface is 1.4 nm/min and a minimum growth rate of 0.7 nm/min occurs at the sidewall near the 
mid-depth of the trench (Figure 4.5b); the resulting bread-loaf ratio is 2. Comparing this result 
with an identical trench, coated using the same conditions but without any inhibitor (Figure 4.5a), 
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shows that the growth decreases similarly at all surface (~ 30 %). These results indicate a low 
adsorption constant. 
 The refractive index of HfO2 grown with or without 3DMAS almost overlaps (Figure 4.6), 
meaning that the incorporation of inhibitor into the film is very low or zero, which is the 
characteristic of a non-consumable inhibitor. While the weak inhibition effect of 3DMAS is not 
sufficient to suppress bread-loaf formation, it could be useful for applications that only need to 
enhance the conformal coating of HfO2 (as opposed to filling) in very high aspect ratio (> 10) 
trenches.   
B. Methoxytrimethylsilane (MOTMS), CH3OSi(CH3)3 
 In the sol-gel literature, MOTMS is reported to modify the silica surface by converting 
surface –OH (hydroxyl) to –OSi(CH3)3 groups [22]; this motivated us to test MOTMS on the HfO2 
surface as a growth inhibitor. A decrease in growth rate, due to the steric bulk or the reduced 
reactivity of the –OSi(CH3)3 group, is observed on a planar substrate using 0.18 mTorr TDMA-
Hf, 0.023 mTorr H2O and a variable pressure (1.0 to 2.6 mTorr) of MOTMS at 200 °C 
(Figure 4.4b). Similar to 3DMAS (Figure 4.4a), the decrease in HfO2 growth rate as function of 
MOTMS pressure has small slope; for example, with 2.6 mTorr of MOTMS the growth rate 
decreases by ~ 30 % (weak inhibition). Film grown using the same MOTMS pressure has slightly 
lower refractive index than that grown without any inhibitor (Figure 4.6); the decline in refractive 
index can be due to the incorporation of inhibitor atoms into the film or a reduced film density. 
The RBS measured density for the Hf sublattice is ~ 77% that of bulk, whereas a film grown 
without any inhibitor has a density ~ 86 % that of bulk. The weak inhibition, combined with the 
low incorporation, leads to a relatively uniform and small inhibition effect in a trench with aspect 
ratio of 7 (Figure 4.5c); the bread-loaf ratio remains unchanged (~ 2), similar to that for 3DMAS 
(Figure 4.5b). 
C. Hexafluoroacetylacetone [H(hfac)], CF3COCH2COCF3 
 We previously reported that H(hfac) strongly inhibits the growth of HfB2 film from a 
single-source precursor, Hf(BH4)4, where the hfac ligand binds to surface sites and reduces 
precursor adsorption [16]. However, H(hfac) is an acid that can etch metal oxides to afford metal 
chelates and water as the byproducts [23]. For HfO2, the etch products Hf(hfac)4 or 
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Hf2(OH)2(hfac)6 have low volatility at 200°C; thus, we expect that H(hfac) will have a very small 
(if any) etching effect on HfO2. We expose a HfO2 film to a H(hfac) pressure of 3 mTorr and 
measure the oxide thickness by SE.  The observed HfO2 etch rate is 0.005 nm/min; at a H(hfac) 
pressure of 40 mTorr, the etch rate increases slightly to 0.017 nm/min (Figure 4.7). These etch 
rates are two orders of magnitude lower than the decrease in growth rate obtained using H(hfac) 
at pressures less than 0.5 mTorr; hence, we attribute the kinetic effect of H(hfac) to inhibition 
rather than to etching (discussed further below). 
 Co-flow of H(hfac) during the HfO2 film growth, with 0.09 mTorr TDMA-Hf and 0.014 
mTorr H2O at 200 °C, reduces the growth rate rapidly (up to 77 %) for a H(hfac) pressure of 
< 0.32 mTorr; at higher pressure the slope of growth rate decrease is lower (Figure 4.4c). To test 
if a small pressure of H(hfac) can afford a reduction in the bread-loaf ratio, we first start with a co-
flow of 0.1 mTorr H(hfac) in a trench with aspect ratio of 7, while keeping the other conditions 
unchanged (Figure 4.8a). The resulting coating profile has a bread-loaf ratio of 1.4, which is an 
improvement in comparison with the ratio of 2 obtained for without any inhibitor (Figure 4.5a), 
but not good enough to avoid pinch-off.   
 We next increase the H(hfac) pressure to 0.27 mTorr, keeping other conditions the same.  
The coating result obtained in a trench with aspect ratio of 6 is remarkable; the obtained bread-
loaf ratio is ~ 1, which is ideal for filling (Figure 4.8b). Moreover, the gradual increase in film 
growth rate on the lower sidewalls of the trench (Figure 4.5a) is preserved with the co-flow of 
0.27 mTorr H(hfac). As expected, using the same growth conditions for a longer time affords 
complete fill in an identical trench without any seam inside. For comparison, another identical 
trench, coated using the same conditions but without any inhibitor for the same growth time, shows 
a large void inside due to the pinch-off at the bread-loaf edges (Figure 4.8d). 
 The refractive index decreases by  13 % for 0.27 mTorr H(hfac) co-flowed with 
0.09 mTorr TDMA-Hf and 0.014 mTorr H2O at 200 °C (Figure 4.6). The reduction in refractive 
index can be due to F and C incorporation into the film, as verified by the AES depth profile 
(Supplementary Materials), plus a decrease in the film density. The RBS measured film density 
for the same sample is ~ 68 % that of bulk. 
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D. Acetylacetone [H(acac)], CH3COCH2COCH3 
 H(acac) is a halogen free analog of H(hfac); it is a weaker acid and less volatile than 
H(hfac). It has recently been reported as an inhibitor for area selective ALD of SiO2 deposition 
dielectric surfaces [24].  For growth with 0.09 mTorr TDMA-Hf and 0.014 mTorr H2O at 200 °C, 
adding H(hfac) pressures up to 0.04 mTorr increases the growth rate; possible reasons for this 
behavior are discussed below.  For pressures of 0.04 mTorr and above, H(acac) strongly inhibits 
HfO2 growth (Figure 4.9). Similar to H(hfac) in Figure 4.4c, the slope of the growth rate reduction 
becomes low for H(acac) pressures > 0.08 mTorr, and high pressures of H(acac) do not completely 
stop the film growth. For a film grown on planar Si substrate using 0.09 mTorr TDMA-Hf, 
0.014 mTorr H2O and 0.06 mTorr H(acac) at 200 °C, the refractive index decreases by  7 % at 
wavelength of 600 nm (Figure 4.6); this decrease can be caused by C incorporation into the film 
and a decrease in the film density to ~ 73 %. 
 To investigate the initial increase in growth rate when co-flowed with a H(acac) pressure 
of < 0.04 mTorr, we impinge the surface with H-atoms from a remote plasma source during the 
HfO2 film growth from TDMA-Hf and H2O; an instantaneous increase in film growth rate is 
observed for a small flux of H-atoms (not shown) due to a faster decomposition of the TDMA-Hf 
precursor by the H-atoms.  Similarly, H(acac) can increase the film growth by providing H+ that 
help to decompose the TDMA-Hf. However, when H(acac) surface coverage, which is a function 
the H(acac) pressure, reaches a certain limit, the inhibition effect starts to dominate and any further 
increase in the H(acac) pressure reduces the growth rate. For the purpose of the present study (to 
suppress bread-loaf at the trench opening), we focus only on the inhibition effect of the H(acac) 
molecules. 
Complete fill in trenches with nearly parallel sidewalls: 
 We next investigate film growth in trenches with 0.09 mTorr TDMA-Hf and 0.014 mTorr 
H2O at 200 °C, plus a co-flow of H(acac) at a pressure of ≥ 0.06 mTorr, for which the inhibition 
effect is significant (Figure 4.9). For a H(acac) pressure of 0.06 mTorr, complete fill is achieved 
in a trench with aspect ratio of ≤ 5 for a growth time of 60 min (Figure 4.10a). A slight increase of 
the H(acac) pressure to 0.07 mTorr affords complete fill in trenches with aspect ratio of ≤ 9 
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(Figure 4.10b). Further increase of the H(acac) pressure to 0.09 mTorr significantly improves the 
fill in trenches with aspect ratio ≤ 11.5 (Figure 4.10c).   
 To scrutinize the fill quality, we use cross-sectional TEM for the growth conditions of 
Figure 4.10b. The bright field TEM image of a trench with aspect ratio of 7 reveals a subtle low-
density seam at near the bottom, whereas the fill is dense and free of any seam at the top half of 
the trench (Figure 4.11a). We previously reported that to convert a rectangular trench to a V-shaped 
one, such that the V angle is higher than the critical value of 2°, the required minimum step 
coverage has a strong dependence on the fraction of the forward-direct water flux. In the present 
experimental setup, the fraction of the forward-direct and isotropic water fluxes is 40 % and 60 %, 
respectively. The presence of a subtle seam in Figure 4.11a suggests that an increase in the fraction 
of the forward-directed flux, which is possible in a faster pumped reactor, is necessary to afford 
HfO2 fill without any seam at all. 
  The EDS element map obtained in the TEM shows low concentrations of N (Figure 4.11b) 
and C (Figure 4.11c) incorporation in the same coated trench sample; this is consistent with the 
small decrease in the film refractive index for a co-flow of H(acac) (Figure 4.6). Note that the 
trench sidewall material is SiNx, so a bright N signal is observed at the sidewalls. The brightness 
of the C signal in the fill inside the trench is less than that in the film outside the trench; this is 
consistent with a large decrease in the inhibitor consumption when the inhibitor sticking 
probability is high (Figure 4.3). I.e., for the H(acac) pressure of 0.07 mTorr, the inhibitor flux 
significantly drops inside the trench and acts mostly on the upper sidewalls of the trench. 
The inhibitor reaches a saturation regime at high pressure: 
 To investigate if we can further improve the fill in trenches with aspect ratio of > 10, a 
higher inhibitor pressure is used. The idea is to shift the growth conditions up to a depth that 
extends beyond the bread-loaf at the opening, thereby enhancing the V angle when the rectangular 
trench converts to a V-shaped trench. Interestingly, when the H(acac) pressure is increased to 
0.12 mTorr, keeping the other conditions the same as in the Figure 4.10, the growth rate decreases 
similarly at all surfaces (Figure 4.12a) and the bread-loaf ratio reverts back to that obtained without 
co-flowing any inhibitor (Figure 4.5a). A similar result is obtained for a 0.32 mTorr of H(hfac) 
pressure, with other conditions the same as in Figure 4.12a, in a trench with aspect ratio of 8 
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(Figure 4.12b). In both these cases, the inhibitor pressure is high enough to create a saturated 
surface coverage, and thus a lower sticking rate, that leads to a nearly constant inhibitor pressure 
at all depths in the trench. Nonetheless, the inhibitor significantly decreases the effective water 
sticking probability, which is ideal to afford highly conformal film growth kinetics, at a reduced 
growth rate, in recessed structures with very high aspect ratio. 
Coating in trenches with a re-entrant geometry: 
 In a re-entrant trench, the width is minimum at the opening and increases with depth 
(Figure 4.13a). Conformal coating in such a trench is extremely difficult because of the low 
conductance of the reactant molecules due to the narrow opening; and complete fill using a highly 
conformal process is simply impossible due to the pinch-off at the narrow opening.  To fill such a 
geometry requires either (i) a true bottom-up process that selectively grows film only from the 
bottom surface, or (ii) a superconformal process with a step coverage large enough to compensate 
for the decreasing width from the top to bottom.   
 In preliminary attempts to fill re-entrant trenches, we test our superconformal process using 
forward-directed water flux along with a co-flow of H(hfac) inhibitor to suppress bread-loaf at the 
opening. Note that to afford complete fill in a re-entrant trench, the bread-loaf ratio needs to be ≤ 
1; consequently, in addition to the requirement of a high step coverage of the superconformal 
growth process, the inhibition effect of the inhibitor needs to be very strong. For a co-flow of 
0.063 mTorr H(acac) with 0.09 mTorr TDMA-Hf, 0.014 mTorr H2O at 200 °C, the observed 
inhibition effect in a re-entrant trench with aspect ratio of 8 is not strong enough to keep the trench 
opening from pinching-off, which leaves a large void inside (Figure 4.13b). However, when the 
H(acac) pressure is increased to 0.09 mTorr, keeping other conditions unchanged, the void width 
significantly decreases, and approaches a line seam. Given the enormous challenge of filling these 
structures, we consider the coating profile obtained in the Figure 4.13c as a remarkable result. 
Since we already observed saturation of the H(acac) inhibitor at high pressure (Figure 4.12a), we 
did not perform experiments with a further increased H(acac) pressure.  The presence of a seam 
inside the trench in Figure 4.13c may be a limitation of the underlying superconformal process 
itself, as opposed to a limitation of the inhibitor; enhancing the fraction of forward-directed water 
flux would likely improve the filling.   
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Coating in trenches using isotropic water flux: 
 Until now all the experiments were done with a forward-directed water flux so that the 
growth process in a trench, by itself, is superconformal; inhibitors are co-flowed to suppress the 
bread-loaf at the opening. As discussed in the Introduction, we previously used inhibitors to 
convert conformal HfB2 growth kinetics from a single-source precursor, Hf(BH4)4, into a 
superconformal process inside trenches. To identify whether the H(acac) inhibitor can afford a 
similar effect on the HfO2 growth process, we conduct an experiment in which water is delivered 
isotopically, by pointing the water delivery tube towards an inside wall of the reactor.  This creates 
a subconformal HfO2 coating profile with a bread-loaf ratio of ≥ 2. To convert such a process to a 
superconformal one, the inhibitor needs not only to suppress the bread-loaf at the opening, but also 
to reduce growth rate all the way to the trench bottom with strongest inhibition at the trench 
opening. 
 For a 0.08 mTorr H(acac) pressure, co-flowed with 0.09 mTorr TDMA-Hf and 
0.014 mTorr H2O (isotropic) at 200 °C for 90 min, a superconformal effect is not observed in 
trenches (Figure 4.14). The bread-loaf ratio remains unchanged (for example, ~ 2 in the trench 
with aspect ratio of 4.5 in Figure 4.14a), and the inhibition effect is same on all surfaces; these 
results suggest an inhibitor saturation, although we did not obtain such a saturation when the water 
is supplied in a forward-directed way at a slightly higher H(acac) pressure of 0.09 mTorr 
(Figure 4.10c). When three reactants are co-flowed, the film growth kinetics at the surface is 
interdependent, and we did not perform detailed analysis of the growth rate dependence on the 
H(acac) inhibitor pressure when the water is supplied isotopically (at lower flux). Therefore, the 
results obtained in the Figure 4.14 are not sufficient to conclude whether or not H(acac) can convert 
the subconformal HfO2 growth in trenches when water flux is isotropic.   
4.4 Conclusion 
 We demonstrate that an isotropic co-flow of a neutral inhibitor molecule during the 
superconformal growth of HfO2 in trenches, using TDMA-Hf and forward-directed water flux, can 
suppress bread-loaf formation at the trench opening. Consequently, the pinch-off of the trench 
opening is eliminated, which affords a complete and seam-free fill of HfO2. The effect of inhibitor 
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sticking probability on film grown at the trench sidewalls near the opening is obtained by 
simulating the inhibitor flux distribution using a Markov chain ballistic transport model; an 
inhibitor with a high sticking probability and a low desorption rate is ideal to eliminate the pinch-
off at the trench opening. 
 We show that the sticking probability of the inhibitor can fall dramatically at higher 
inhibitor pressure, presumably due to a saturation of the possible surface coverage.  Therefore, we 
require an inhibitor that can suppress bread-loaf using a relatively low flux. From coating 
experiments using different inhibitors, we identified that H(hfac) and H(acac) inhibitors can afford 
complete fill in trenches with aspect ratio of ≤ 10. The halogen free H(acac) is more desirable 
because it does not incorporate F into the film. They both incorporate C into the film; however, C-
doped oxide is acceptable and presently in use in the semiconductor industry. 
 We also demonstrate that the use of an inhibitor coupled with a superconformal film growth 
process can be used to fill re-entrant shaped trenches, i.e., the trench opening has the minimum 
width, provided that the growth process affords a large superconformal step coverage.  
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4.6 Tables and Figures 
Table 4.1. List of inhibitors explored by our group based on their sticking probability and 
incorporation into film. 
Inhibitor 
Film 
Material 
Inhibitor 
Sticking 
Probably 
Inhibitor 
Incorporation 
Hetero-atom 
(Impurity) 
Reference 
H-atom CrB2 High Low None [16] 
N-atom HfB2 High High N [16] 
H(hfac) HfB2 High High C, F [16] 
Pd(hfac) HfB2 
Very High 
(re-nucleates) 
High Pd, C, F [16] 
3DMAS HfO2 Low Low None this work 
MOTMS HfO2 Low Low C this work 
H(hfac) HfO2 High High C, F this work 
H(acac) HfO2 High High C this work 
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Figure 4.1. Schematic of the steady-state distribution of inhibitor molecules inside narrow 
trenches. a) Non-consumable inhibitor in adsorption equilibrium affords the same inhibition on all 
surfaces; b) consumable inhibitor with high adsorption constant affords inhibition only on upper 
surfaces. In both cases, the inhibitor has an isotropic (uniform) flux distribution outside the trench. 
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Figure 4.2. a-c) Cross-sectional SEM image of trenches with aspect ratio of 3, coated with 
0.18 mTorr TDMA-Hf and 0.023 mTorr H2O at 200 °C for: a) 40 min, b) 60 min, and c) 90 min. 
A black dashed line is added to highlight the bread-loaf shape at the trench opening. d) Schematic 
of a coating profile inside a rectangular trench describing the bread-loaf ratio, t0/tmin, at the trench 
opening. 
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Figure 4.3. H(acac) inhibitor consumption rate (in flux units) inside trenches as a function of 
normalized depth; three different sticking probability values, 0.01, 0.1 and 0.9, are considered. a) 
Rectangular trench with aspect ratio of 10. Inset: Geometry of a rectangular trench showing the 
nominal aspect ratio (L0/W0). b) V-shaped trench with sidewall tilt angle of 3° with respect to the 
trench axis. Inset: Geometry of a V-shaped trench; for  = 3°, the nominal aspect ratio (0.5/tan) 
is 9.5. The uniform H(acac) pressure outside the trench is 0.1 mTorr which is converted to an 
isotropic flux using the ideal gas law [25]. 
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Figure 4.4. HfO2 growth rates on planar Si (100) substrates at 200 °C measured by spectroscopic 
ellipsometry as a function of the inhibitor partial pressure.  a) 3DMAS inhibitor co-flowed with 
0.18 mTorr TDMA-Hf and 0.019 mTorr H2O.  b) MOTMS inhibitor co-flowed with 0.18 mTorr 
TDMA-Hf and 0.023 mTorr H2O.  c) H(hfac) inhibitor co-flowed with 0.09 mTorr TDMA-Hf and 
0.014 mTorr H2O.  Lines through data points are a guide for the eye only. 
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Figure 4.5. Cross-sectional SEM images of trenches, coated using 0.18 mTorr HfO2 and 
0.023 mTorr H2O at 200 °C for 30 min. a) Without inhibitor (AR = 6). b) With 0.25 mTorr 
3DMAS (AR = 6). c) With 2.6 mTorr MOTMS (AR = 7). In both b) and c), the growth rate is 
reduced by ~ 30 % both at the top surface and at sidewall near the middle of the trenches; however, 
the bread-loaf ratio ( 2) is unaffected by these inhibitors in the present experiments. 
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Figure 4.6. Refractive index of HfO2 film grown without any inhibitor or with co-flow of different 
inhibitor molecules. 
 
 
Figure 4.7. Ellipsometry data for possible etching of a HfO2 film deposited with 0.09 mTorr 
TDMA-Hf and 0.014 mTorr H2O at 200 °C:  in situ SE data (red curve) and the corresponding 
HfO2 thickness (black curve) at 200 °C with a H(hfac) flow of 3 mTorr for the first 4 min (etch 
rate = 0.005 nm/min) and 40 mTorr for the next 6 min (etch rate = 0.017 nm/min). 
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Figure 4.8. Cross-sectional SEM images of trenches, coated with 0.09 mTorr TDMA-Hf, 
0.014 mTorr H2O and variable H(hfac) pressure at 200 °C. a) 0.1 mTorr H(hfac) for 30 min 
(AR = 7); the bread loaf ratio is ~ 1.4.  b) 0.27 mTorr H(hfac) for 30 min (AR = 6); the bread-loaf 
ratio is ~ 1.  c) Complete fill in a trench: same conditions as in b) for 60 min.  d) Void formation: 
conditions as in c) but without co-flowing H(hfac).   
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Figure 4.9. Film growth rates on a planar Si substrate as a function of H(acac) pressure that is co-
flowed with 0.09 mTorr TDMA-Hf plus 0.014 mTorr H2O at 200 °C.  The line through the data 
points is a guide for the eye only. 
 
 
Figure 4.10. Complete fill in trenches with different aspect ratio (AR), coated using 0.09 mTorr 
TDMA-Hf, 0.014 mTorr H2O and variable H(acac) pressure at 200 °C. a) 0.06 mTorr H(acac) for 
60 min (AR = 5). b) 0.07 mTorr H(acac) for 60 min (AR = 9). c) 0.09 mTorr H(acac) for 75 min 
(AR = 11.5). 
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Figure 4.11. a) Bright field TEM image of a trench with AR = 7 from the same sample as in 
Figure 4.9b; there is a subtle low-density seam near the bottom of the trench. b and c) TEM-EDS 
elemental maps of N (b) and C (c) for the same sample as in a).   
 
 
Figure 4.12. Cross-sectional SEM image of trenches, coated by coflowing inhibitors with 
0.09 mTorr TDMA-Hf and 0.014 mTorr H2O at 200 °C for 80 min: a) 0.12 mTorr H(acac) in a 
trench with AR = 11.5; and b) 0.32 mTorr H(hfac) in a trench with AR = 8. 
 
95 
 
 
Figure 4.13. SEM image of re-entrant shaped trenches of aspect ratio 8. a) before coating. 
b) coated using 0.09 mTorr TDMA-Hf, 0.014 mTorr H2O and 0.063 mTorr H(acac) at 200 °C for 
20 min. c) coated using the same growth conditions as in b) but with 0.09 mTorr of H(acac) for 
45 min. 
 
 
Figure 4.14. Coating profile in trenches with aspect ratio of 4.5 (a) and 8 (b) when 0.014 mTorr 
H2O is supplied isotropically along with 0.09 mTorr TDMA-Hf precursor and 0.08 mTorr H(acac) 
inhibitor at 200 °C for 90 min. The bread-loaf ratio in these trenches is ~ 2. 
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4.7 Supplementary Material 
 
Figure S1. In situ SE data, , at 504.3 nm wavelength collected on substrates Si (at 300 °C) and 
SiO2 (at 280 °C) with 0.5 mTorr H2O, plus 0.25 mTorr 3DMAS for the first 10 min and 2.3 mTorr 
for the next 10 min. No dynamic change in  (flat) indicates that nothing is grown on the surfaces. 
 
 
Figure S2. AES depth profile for film grown on planar Si substrate using 0.09 mTorr TDMA-Hf, 
0.014 mTorr H2O and 0.27 mTorr H(hfac) at 200 °C. Because of the charging effect on HfO2 film 
surface and preferential erosion of lighter elements, AES data can be interpreted only qualitatively.
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CHAPTER 5 
HIGH QUALITY MgO FILM GROWN AT HIGH RATE BY 
LOW TEMPERATURE CONFORMAL CVD 
5.1 Introduction 
 MgO is an attractive insulating material with a wide band gap (7.7 eV) [1], high dielectric 
constant (9.9) [2] and good thermal stability (melting point 2825 °C) [3]. These properties make 
MgO a suitable dielectric for capacitors in ICs and DRAMs, and for capacitive coupling of cables 
in wireless network towers [4]. MgO is also suitable as a plasma wall material [5], e.g., in plasma 
display panels, which require a film thickness ≥ 0.5 µm [6].  Optical waveguide applications 
require a film thickness in the micron range, determined by the wavelength being used [7]. To be 
manufacturable, these applications require that high quality films be deposited at a rate  10s of 
nm/min or higher. In some of these applications the substrate has a complex geometry, which 
further requires that the coating be conformal (of uniform thickness) on all surfaces. In addition, 
the growth temperature must be < 400 °C to avoid exceeding the thermal budget of the substrate 
components.   
 Gas phase methods, such as chemical vapor deposition (CVD) or atomic layer deposition 
(ALD), are suitable for conformal coating of complex or recessed structures: when growth is 
limited by the surface reaction rate, the deposition precursor can be delivered to all surfaces, both 
external and internal. However, no report of MgO film growth by CVD or ALD (Table 1 and 
references therein) documents the simultaneous achievement of high growth rate, high 
conformality, low substrate temperature and good solid-state properties. Sputter deposition can 
afford MgO film growth at ≤ 300 nm/min, but the conformality has not been reported (and is 
expected to be poor) [8]. 
 We recently demonstrated the CVD of MgO using a novel precursor, magnesium N,N-
dimethylaminodiboranate, Mg(H3BNMe2BH3)2, abbreviated as Mg(DMADB)2
 [9-11]. This 
molecule has the highest volatility (vapor pressure ~ 0.8 Torr at 25 °C) of any known Mg-
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containing molecule [12], hence, it can be delivered to the growth reactor without the aid of a 
carrier gas. It exhibits a unique regime of low temperature reactivity in which the competition 
between precursor and water for surface adsorption sites affords film growth in trenches that can 
be made perfectly conformal or even superconformal, i.e., growth is faster at depth than near to 
the opening [10].  In this report, we utilize this precursor in a different regime, such as higher 
substrate temperature and water flux, to obtain very high rate growth of MgO films with good 
optical, electrical, and mechanical properties and good step coverage (conformality) in deep 
trenches. 
5.2 Experimental 
 Film growth is conducted in a turbo-pumped, cold-wall CVD system with a base pressure 
of 5 × 10-8 Torr, most of which is H2. The substrate is radiatively heated by a tungsten wire 
mounted behind the substrate; the temperature is in the range of 270 – 350 °C, measured by a K 
type thermocouple mounted on the substrate holder. The Mg(DMADB)2 precursor is synthesized 
by G.S.G. [12] and kept in a Pyrex container adapted to a stainless-steel fitting. The mass flow of 
precursor is controlled by heating the source container to various temperatures up to 40 °C; Ar 
carrier gas is used in selected experiments as noted below. The precursor delivery tube is heated 
to 70 °C to avoid condensation on tube walls. In selected experiments the gate valve to the turbo 
pump is throttled to maintain a higher process pressure inside the reactor. Deionized water at room 
temperature is used as the co-reactant; the water injection rate (partial pressure) is controlled using 
a needle valve.  Precursor and water are supplied through separate stainless-steel tubes (4 mm i.d.) 
that point towards the substrate holder and terminate at 7 cm away from the substrate surface. The 
partial pressures of Mg(DMADB)2 and H2O are the average values inside the reactor measured 
before the growth experiments with only precursor or only water flowing. Within the pressure 
range used in the present experiments (< 100 mTorr), the Mg precursor does not react with water 
on the room temperature reactor walls, hence, the only consumption of reactants should take place 
on hot surfaces of the substrate holder.  Growth rate measurements are done on 1.5 x 1.0 cm planar 
Si wafers that are cleaned using standard solvents (acetone and isopropyl alcohol) without 
removing the native oxide. For conformal coating studies, lithographically defined microtrenches 
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with SiN walls are used. The step coverage (degree of conformality) of MgO coating in trenches 
is calculated as the ratio of film thickness at the bottom sidewall to that at the top sidewall. 
 Film microstructure and thickness are determined using cross-sectional scanning electron 
microscopy (SEM). The refractive indices are derived from ex situ variable angle spectroscopic 
ellipsometry (VASE) data acquired at incident angles of 50°, 60°, and 70°, and fit to the Cauchy 
equation [13]. The film thickness during growth is determined from in situ spectroscopic 
ellipsometry (SE) data using the derived indices and a multilayer optical model consisting of Si 
substrate, native oxide on Si, and the deposited MgO film; surface and interfacial roughness layers 
are not included in the optical model. In calibration experiments, the film thickness measured by 
ellipsometry is within ± 5 % of that determined from SEM cross-sectional images. The reported 
film growth rate is the final thickness divided by the duration of growth; this assumes the absence 
of a significant nucleation delay, which we verified by real-time SE in the growth chamber. X-ray 
photoelectron spectroscopy (XPS) is used to identify the chemical state and elemental composition 
in the film. Rutherford backscattering spectrometry (RBS) is used to measure the areal density of 
Hf atoms; this value is divided by the SEM thickness to afford the density of the Hf sublattice. 
Films grown at ≤ 350 °C appear amorphous in X-ray diffraction. 
 Film adhesion is studied using nanoscratch measurements with a conospherical diamond 
tip of radius 1 µm. The applied normal load is 10 mN with a ramp rate of 0.33 mN/s; the lateral 
displacement (scratch) rate is 8.3 µm/s. 
 Electrical characterization is performed using metal-insulator-metal (MIM) capacitors 
(Figure 5.1) prepared as follows. First, 200 nm of Au is deposited by e-beam evaporation onto the 
SiO2/Si substrate. Then 200 nm of MgO film is deposited using 3 mTorr Mg(DMADB)2 and 
8.8 mTorr H2O at 270 °C for 10 min (growth rate = 6 nm/min). A portion of the underlying Au 
layer is masked during MgO deposition so that it can later be contacted.  Finally, circular areas of 
Au (diameter = 1 mm, area = 7.9 × 10-3 cm2) are deposited as the top contact by e-beam evaporation 
through a shadow mask with circular holes. C-V and I-V measurements of the MIM capacitors are 
performed using a probe station equipped with micromanipulators, a semiconductor parameter 
analyzer (Agilient 4155C) and an LCR meter (Agilient 4284A). 
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5.3 Results and Discussion 
5.3.1 Growth rate 
 For very high growth rate of MgO deposition (90 – 300 nm/min), a relatively high substrate 
temperature (300-350 °C) is used and the Mg(DMADB)2 precursor flux is enhanced using Ar 
carrier gas (Table 2). Films A, B and C are smooth, dense, and free of any columnar microstructure 
(Figure 5.2). To compensate the charging effect in SEM, films cross-sections are sputter coated 
with a Au-Pd alloy, which shows up as nodules on the film cross-section (Figures 5.2a and 5.2c). 
 Film A, with an Ar flow rate of 4 sccm, has a thickness of 0.9 µm at a growth rate of 
90 nm/min (Figure 5.2a). Film B, with an Ar flow rate of 8 sccm, has a thickness of 0.4 µm at a 
growth rate of 200 nm/min (Figure 5.2b). Repeating the conditions of film B for longer time 
affords higher film thickness; however, the films delaminate for thickness > 0.7 µm (not shown).   
5.3.2 Stress state 
 Film delamination can result from growth (intrinsic) stress or thermal (cooling) stress [14]. 
We do not perform any stress measurement in the present work, but the literature values of thermal 
coefficient of expansion for Si (2.6 × 10-6 /°C [15]) and MgO (12.6 × 10-6 /°C [16]) can be used to 
calculate the thermal stress. When the film is cooled down from the growth temperature (300 °C) 
to room temperature (23 °C), the thermal mismatch strain is large, 0.27 %, with the film in tensile 
strain. Above a film thickness of 0.7 µm, the net stress in films of type B evidently exceeds the 
adhesion strength of film to substrate, causing delamination.   
 The intrinsic growth stress in films depends (in an unknown way) on the substrate 
temperature and may change from tensile to compressive at a higher temperature [17]. To study 
empirically whether the state of film growth stress can be altered at a different growth conditions, 
the substrate temperature is increased to 350 °C and the Mg(DMADB)2 flux is increased by 
increasing the carrier gas flow rate to 12 sccm. The resulting film (C) has a growth rate of 
133 nm/min and a thickness of 2.0 µm without any delamination (Figure 5.2c).  (We did not grow 
an even thicker film in an attempt to observe delamination.)  Thus, these growth conditions 
modified the growth stress such that, in combination with the stresses due to thermal contraction, 
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delamination was avoided.  It is also possible that the strength of the bond with the substrate was 
enhanced. The rough cross-section of the film C is due to the physical breaking of the thick (2 µm) 
sample. 
5.3.3 Nanoscratch tests 
 Nanoscratch measurements on film C exhibit a smoothly increasing lateral force with 
increasing normal load through the maximum indentation depth of 660 nm (Figure 5.3).  The 
absence of any force discontinuities is significant: the typical nanoscratch failure of hard materials, 
the onset of failure occurs by film delamination with large cracks or peel-off and a corresponding 
jump in the lateral force [18]. However, at around 50 s (black arrow in Figure 5.3b) the lateral 
force becomes noisy which is probably the point of delamination. The corresponding normal load 
is  3 mN, which is therefore identified as the critical load for failure. We previously reported a 
critical load of 84 mN for HfB2, which is a very hard material, using a conospherical diamond tip 
of 5 µm radius [19]. The diamond tip used in the present experiments has a radius of 1 µm, which 
makes the local pressure distribution higher than that in reference [19]. Converting the critical load 
into the corresponding approximate Hertzian contact pressure –by considering literature values of 
Poisson’s ratio and elastic modulus for diamond, HfB2 film [20, 21] and bulk MgO [22] – shows 
that the critical contact pressure for HfB2 film is ~ 1.2 times of that for MgO film, which is an 
excellent result for the MgO film. 
 In addition to the good adhesion, the rate of increase in lateral force up to the point of 
delamination failure is quite low. This is interpreted as a low coefficient of friction, given by the 
ratio of lateral to normal force. For a normal load of 1.5 mN (around 45 s in Figure 5.3a), the 
coefficient of friction is ~ 0.1; this is comparable with as deposited HfB2 films and slightly lower 
than that of a TiN film (a benchmark material) [20]. The nanoscratch results suggest that the MgO 
films are highly promising for applications that require a sliding contact, such as capacitive 
couplers that undergo mechanical assembly. 
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5.3.4 Conformality 
 We grew films without using any Ar carrier gas in order to quantitatively determine how 
conformality varies with the partial pressure of the Mg(DMADB)2 precursor. We previously 
reported that a precursor-rich growth condition is ideal for conformal growth because the reaction 
probability of the precursor can be made very low [10, 23, 24]. We also modeled the step coverage 
in a high aspect ratio trench: we calculated the net rate of precursor adsorption and reaction on the 
growth surface, and embedded that solution into a diffusion-reaction calculation along the axis of 
the trench [25, 26].  
 The growth conditions and corresponding growth rates (7.5 – 25 nm/min) are listed in 
Table 2. Film D, in which the water partial pressure is higher than the precursor partial pressure (a 
water rich condition), affords a step coverage of only 70 % in a trench with a low aspect ratio of 
2.5 (Figure 5.4a). By contrast, film E, grown with lower water partial pressure (a precursor rich 
condition), has a step coverage of 94 % and 85 % in trenches with aspect ratios of 2.5 and 3.5, 
respectively (Figure 5.4b). To obtain a near unity step coverage in higher aspect ratio trenches, the 
water to Mg partial pressure is further reduced in film F, which affords a step coverage of 98 % in 
a trench with aspect ratios of 9 (Figure 5.4c). The latter occurs at a relatively high film growth rate 
of 7.5 nm/min. 
 There is an additional factor, not recognized at the time these experiments were conducted, 
that can contribute to high conformality.  We recently demonstrated that oxides in trenches can be 
made perfectly conformal or even superconformal by injecting the rate-limiting flux in a forward 
directed manner such that a significant fraction of it impinges at the bottom of the trench; this 
creates a virtual source which affords bottom-up filling [23]. In the present work, both precursor 
and water are injected through doser tubes pointing towards the substrate in order to maximize the 
delivered flux.  The trench sample is offset by ~ 1 cm from the point where the axis of the delivery 
tubes meets the substrate holder, so the incident flux is not well aligned with the axis of the 
trenches. Nonetheless, the trenches shown in Figure 5.4 likely received a fraction of forward-
directed flux that contributed to the nearly perfect conformality (Figure 5.4c). The contribution of 
the forward-directed flux becomes even more significant when the trench opening narrows, 
because it contributes a transport rate significantly above that predicted by Knudsen diffusion.  
With nearly parallel sidewalls it is not possible to avoid the formation of a low density seam along 
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the centerline [11, 23]; however, with slightly tapered trench sidewalls  (the case in Figure 5.4c) 
the filling can be void-free.   
5.3.5 Composition 
 XPS analyses for selected films are listed in Table 4; the O contribution from surface 
hydroxyl groups is subtracted to determine the O content in the bulk of the film [27]. Films A, B 
and C are grown at higher substrate temperatures (300-350 °C) than film D (270°C); the former 
have higher boron content (13-16 at. %) than film D (1 at. %). This is attributed to the 
decomposition of the DMADB ligand on the surface at the higher temperature; in addition, the 
higher total pressure used in films A, B and C increases the scattering of byproduct molecules 
(HDMADB) back onto the surface. The carbon content in film A is very low (< 1 at. %) and in 
film D is relatively low (3 at. %) compared to films B and C. 
 The MgO matrix appears to be essentially stoichiometric, as follows. The wide scan XPS 
spectra for film D, after 3 min of sputtering to remove surface carbon contamination, shows peaks 
of C 1s and B 1s; the N 1s in the noise level (Figure 5.5a, inset: N 1s high-resolution peak). The 
high-resolution O 1s peak at the film surface is deconvoluted into two peaks (Figure 5.5b): O 1s 
in MgO (530.5 eV) and O 1s in B2O3 plus -OH groups (532.2 eV); the latter cannot be 
distinguished because of the binding energy overlap. However, the high-resolution B 1s peak has 
a binding energy of 192.4 eV, which corresponds to the B2O3 chemical state (Figure 5.5c). B 1s 
peak is used to scale the O content in B2O3; after subtracting this O contribution, the O/Mg ratio 
(=1.02) in film D is stoichiometric within the error limits.   
5.3.6 Optical properties 
 The refractive indices of films B, D, G and F are compared with those of bulk MgO [28] 
(Figure 5.6). Films B and G have lower refractive index than films D and F. This is attributed to a 
lower density in films B and G: using an effective medium approximation consisting of bulk MgO 
plus void [29], the best fit density is ~ 84 % of bulk in films B and G and ~ 90% of bulk in films 
D and F. The RBS measured density for film B is 82 % of bulk, in good agreement with the optical 
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fit. The 2.0 µm thick film (C) grown at a rate of 133 nm/min has an RBS density of 86 % of bulk; 
the refractive index for this film is expected to be in between the results obtained for films B and D. 
5.3.7 Electrical properties 
 The growth conditions used for the MgO film in the MIM capacitor (Figure 5.1) are the 
same as those in film G (Figure 5.7); the film growth rate is 6 nm/min. The surface of film G is 
less smooth than films A, B or C (Figure 5.2), and the refractive index of film G is similar to film 
B (Figure 5.6). The C-V measurements for two MIM capacitor dots (labeled as 1 and 2), at a 
frequency of 1 MHz, afford relative dielectric constants of 9.5 and 9.0, and breakdown fields of 
6.0 and 4.4 MV/cm, respectively (Figure 5.8). The lower values for dot 2 are attributed to the 
surface roughness of the MgO film, which introduces locally thinner regions. In addition, 
deposition of the top Au contact pad on the rough surface may create downward pointing Au tips 
of nanometer-scale radius, which increase the local electric field strength and reduce the measured 
dielectric constant and breakdown strength. Nonetheless, the values compare well with literature 
values for MgO films grown by ALD (Table 1). 
5.4 Conclusion 
 Highly conformal MgO is deposited at a high growth rate (up to 300 nm/min) and a low 
substrate temperature (≤ 350 °C) using the Mg precursor, Mg(DMADB)2, plus H2O as the oxidant. 
The film stress is low enough, and the adhesion to the Si substrate is strong enough, to grow MgO 
film 2 µm thick at 350 °C. Conformal growth on microtrenches is demonstrated by controlling the 
precursor sticking probability: using a precursor-rich condition at 270 °C, a step coverage of 98 % 
is obtained in a trench of aspect ratio 9 at a growth rate of 7.5 nm/min. Films grown at a very high 
rate (> 90 nm/min) incorporate boron as B2O3, but those grown at a moderately high rate (7-
25 nm/min) have a very low (~ 1 at. %) boron incorporation. The refractive indices are lower than 
bulk MgO due to a physical density ~ 85 % that of bulk. The dielectric constant and electrical 
breakdown strength agree well with literature values for MgO thin films. The results obtained in 
this work suggest that MgO can be deposited by CVD in applications that require rapid growth of 
conformal, thick films of high quality on complex substrate shapes. 
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5.6 Tables and Figures 
 
Table 5.1. Mg-containing CVD (or ALD) precursors, MgO growth rate and solid-state properties. 
Precursor 
T
substrate 
(°C) 
Growth rate 
(nm/min) 
Step 
coverage 
(aspect ratio) 
Refractive 
index 
Dielectric 
constant 
Breakdown 
field 
(MV/cm) 
Reference 
Mg(CH3-C5H4)2 400–550 20–50 … … … … [30] 
Mg(tmhd)2 650–740 1.7–8.3 … 1.71 … … [31] 
Mg(acac)2 480–680 30 … … … … [32] 
Mg(hfa)2(TMEDA) 550-675 1.4-1.6 … … … … [33] 
Mg(dpm)2TMEDA 600 1.2 … … … … [34] 
Mg4Me4(OtBu)4 400–800 1.1–1.7 … … … … [35] 
Mg(secButAMD) 225-275 
0.08 nm/cycle 
(ALD) 
… 1.74 9.8 5 [36] 
Mg(C5H5) 80–350 
0.12 nm/cycle 
(ALD) 
… … 10.8 1.7-5.5 [37] 
Mg(DMADB)2 225–800 1–20 
90 % (15:1) 
at 225 °C 
1.72 
at 600 nm 
… … [11] 
Mg(DMADB)2 270–350 6–200 
98 % (9:1) 
at 270 °C 
1.67 
at 600 nm 
9.5 6 this work 
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Table 5.2. Growth conditions for films deposited at a very high rate using a carrier gas (Ar) for 
Mg(DMADB)2 precursor. 
MgO 
Film 
T
precursor 
(°C) 
T
substrate 
(°C) 
QAr 
(sccm) 
P
Ar 
(mTorr) 
P
H2O 
(mTorr) 
t
growth
 
(min) 
Growth rate 
(nm/min) 
A 40 300 4 70 70 10 90 
B 40 300 8 205 70 2 200 
C 40 350 12 340 70 15 133 
 
 
 
 
 
Table 5.3. Growth conditions for films deposited at moderately high rate without carrier gas. 
MgO 
Film 
T
precursor 
(°C) 
T
substrate 
(°C) 
P
Mg(DMADB)2 
(mTorr) 
P
H2O 
(mTorr) 
t
growth
 
(min) 
Growth rate 
(nm/min) 
D 35 270 12.5 19.2 4 25 
E 35 270 12.5 10 6 16 
F 35 270 12.5 7.1 15 7.5 
G 23 270 3 8.8 10 6 
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Table 5.4. XPS atomic concentrations (at. %) in selected films; the O contribution from surface 
hydroxyl groups is subtracted to determine the O content in the bulk of the film. 
Film Mg O C B 
A 33 53 0.7 13 
B 29 53 4.0 14 
C 28 50 5.7 16 
D 46 49 3.4 1.4 
 
 
 
 
 
 
 
Figure 5.1. Schematic of MIM capacitor fabricated using MgO film and Au contact pads. 
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Figure 5.2. Cross-sectional SEM images of the films A (a), B (b), and C (c). 
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Figure 5.3. Nanoscratch test on film C. a) Normal force and normal displacement for a maximum 
load of 10 mN. Inset: optical microscope image of the scratch mark. b) Corresponding lateral force 
and lateral displacement. 
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Figure 5.4. Cross-sectional SEM images of the coating profile inside trenches. a) Aspect ratio 2.5 
(left) and 5 (right) using the growth conditions of film D. b) Aspect ratio 2.5 (left) and 3.5 (right) 
using the growth conditions of film E. c) Aspect ratio 4.5 (left) and 9 (right) using the growth 
conditions of film F. 
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Figure 5.5. a) XPS wide scan spectra of the MgO film D, after argon sputtering for 6 min. Inset: 
N 1s high-resolution peak. b) O 1s high-resolution peak at the film surface. Black squares are 
experimental data and the solid lines are fitted data. c) B 1s high-resolution peak at the film surface. 
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Figure 5.6. Refractive indices of films obtained using ex situ VASE. 
 
 
 
Figure 5.7. SEM image of film G (the same growth conditions used to make the MIM capacitor). 
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Figure 5.8. Electrical measurements of a 200 nm thick MgO film grown using the same conditions 
as film G (growth rate = 6 nm/min). a) Capacitance as a function of applied voltage at a frequency 
of 1 MHz. b) Leakage current as function of applied voltage
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CHAPTER 6 
CONFORMAL COATING OF CARBON NANOTUBE FORESTS BY LOW 
TEMPERATURE CVD 
6.1 Introduction 
 Carbon nanotube (CNT) forests have a linearly-aligned structure with low-density, high 
porosity, and weak (van der Waals) links at internal crossing points [1, 2]. A three-dimensional 
composite (hybrid) material can be created by conformal (uniform) coating of a thin film onto the 
CNTs, i.e., the forest serves as a growth scaffold.  The mechanical, thermal and electrical behaviors 
of the hybrid can be engineered with the appropriate choices of coating material, coating thickness 
and design (shape factor) of the scaffold. For mechanical applications in extreme environments, 
HfB2 is an excellent candidate as a coating material: HfB2 is a refractory metallic ceramic with a 
high melting temperature (3250 °C), high bulk hardness (29 GPa) and a metallic resistivity of 8-
15 μΩ-cm [3, 4]. For applications that require a dielectric, conformal coating of CNTs with HfO2 
(high-K) is an attractive option; examples include: field effect transistors [5], and metal-insulator-
metal capacitors for energy storage [6], 
  Gas phase coating methods, such as atomic layer deposition (ALD) or chemical vapor 
deposition (CVD), are uniquely applicable for coating CNT forests or other high aspect ratio 
structures because they can deliver deposition precursor (reactant) molecules to all internal 
surfaces. The reactant molecules must pass through the opening on the sample surface, be 
transported to the required depth, and react on surfaces to deposit film.  In addition, the reaction 
byproducts must be transported out of the feature without decomposing, which otherwise would 
add its constituents (which are often heteroatoms) to the deposited material.  Uniformly coating a 
CNT forest presents two major challenges: (i) the internal surface area is very large per surface 
area, and (ii) gas phase transport is reduced by internal scattering.  Both of these issues are 
amplified as coating builds up on the CNT walls. 
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 This situation can be partially mitigated using ALD, in which the alternation of two self-
limiting surface reactions allows the theoretical step coverage (SC) to approach unity. However, 
for ALD within deep features, the time required to execute a dosing cycle (dose-pump-purge) is 
proportional to AR2 [7], hence the growth rate is essentially proportional to AR-2. In contrast, the 
film growth rate in CVD must be reduced in proportion to AR-1 [8]. To achieve a useful growth 
rate in ALD the dosing times must be limited, which affords a SC slightly below unity [9], similar 
to the present results for CVD.  The significant difference between these two techniques occurs 
for high AR: when the AR is ~ 100 the techniques can afford similar growth rates. However, for 
higher AR – which is the case within the CNT forest in the present work – CVD is the faster of 
the two and does not involve any gas cycling.  In practice, the choice of a growth method also 
hinges on the availability of an excellent precursor.  In our earlier work, we obtained highly 
conformal HfB2 growth from a single-source CVD precursor, Hf(BH4)4 [10, 11], which has a 
(huge) high vapor pressure of ~ 15 Torr at room temperature [12], which makes it highly suitable 
for the coating of mesoscale foams by CVD.  By contrast, there are no ALD precursors for HfB2 
and few ALD precursors for the transition metals [13]. 
 We recently demonstrated that low-pressure CVD processes can afford ALD-like 
conformality with useful growth rates [10, 11, 14-16]. CVD of a thin film in a high AR structure, 
such as a trench or via, is well described by the diffusion-reaction equation (Fick’s second law) in 
steady state, where the film growth rate defines the consumption rate of precursor on the surfaces 
[11].  The challenge is that, due to wall consumption, the partial pressure (flux) of the precursor 
falls continuously with depth away from the opening.  If the growth rate is monotonically 
dependent on the pressure, then the coating thickness must decline with depth.  The only means to 
obtain perfectly conformal (uniform thickness) growth is to operate under conditions such that the 
growth rate is essentially saturated (pressure independent) all the way down to the lowest pressure, 
which occurs at the bottom of the trench.  Saturation is observed experimentally when the precursor 
can be delivered at a high enough pressure, and growth conducted at a low enough temperature, 
for site blocking effects on the film surface to dominate the growth kinetics [8].  In our previous 
research, we have utilized these conditions to obtain remarkably uniform coatings in high AR 
features, and we have developed a first-order theory to predict the possible regimes of conformal 
CVD in the form of a conformal zone diagram [8]. In a recent development, former group member 
Dr. Yanguas-Gil has extended the conformal theory to porous (or fibrous) and high surface area 
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materials, which accounts for the reduced Knudsen diffusion coefficient and enhanced internal 
surface area [17]. 
 There are several challenges when applying the CVD method to this problem.  First, to 
optimize the growth conditions, the effective diffusion coefficient in the convoluted structure must 
be estimated to within a factor of ~ 2 (discussed further below).  Furthermore, the diffusivity 
declines with increasing coating thickness because the open space in the structure is progressively 
reduced.  Second, the precursor chosen must exhibit a strong saturation effect in its growth rate vs. 
pressure, but also react to afford film at a suitable rate.  Third, the apparatus must be capable of 
establishing enough vapor pressure above the sample surface to attain rate saturation.  The typical 
embodiment of CVD uses a dynamically pumped vacuum system, which limits the maximum 
attainable precursor pressure to a value that is orders of magnitude below its vapor pressure. This 
greatly reduces the conformality of the film or the AR that can be covered [8].  In addition, due to 
the very low sticking coefficient of the precursor, only a tiny fraction of molecules reacts to form 
film; with dynamic pumping, the vast majority of the (expensive) precursor molecules is pumped 
away and wasted. 
 In this work, we implement static (unpumped) chemical vapor deposition (SCVD) to 
achieve maximum precursor pressure, and thus, extremely conformal coating in CNT forests with 
height of ≤ 1.7 mm.  A simple tube reactor is evacuated, filled with the precursor molecule up to 
its full vapor pressure, then slow ramped to a desired temperature for film growth. In our earlier 
work, we had obtained highly conformal HfB2 growth at a precursor pressure of 10 mTorr in a 
pumped system [11]; in SCVD, we use a pressure that is three orders of magnitude larger.  Due to 
the absence of pumping the precursor utilization efficiency is high, 0.25 - 0.85 [18]; and SCVD 
can be implemented as a batch process to simultaneously coat a large area of substrates. SCVD 
has been employed previously in the photonics literature for growth of semiconductor materials 
[19-25], and for Cu metallization in ICs [26]. We previously demonstrated HfB2 infilling in a 
colloidal crystal by SCVD [18]. 
 However, an important requirement for SCVD is that the reaction byproducts, which build 
up in the tube as the precursor is consumed, must not decompose on the film surface, because that 
would introduce the elements contained in the byproducts and/or change the film stoichiometry.  
The need for byproduct removal is one of the motivations for the use of dynamic pumping in 
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conventional CVD, which emphasizes higher growth temperature to maximize growth rate and 
fast gas flow to minimize boundary layer effects and byproduct concentrations.  For the present 
HfB2 film growth experiments from Hf(BH4)4, the temperature is kept low (≤ 200°C); we have 
found no evidence for significant byproduct decomposition during film growth.  SCVD grown 
HfB2 films are essentially stoichiometric and do not exhibit O or C within the Auger detection 
limit of ~ 1 at. % [18]. 
 We apply the conformal theory to map out the minimum required precursor pressure to 
coat a CNT forest to a desired SC as a function of the film thickness, forest height and area density 
of CNTs (which stand normal to the substrate).  For that purpose, we calculate the Knudsen 
diffusion coefficient in a CNT forest using two different approaches: (i) by solving the diffusion-
transport reaction for a forest with a measured MgO coating thickness that tapers to zero at a certain 
depth (a boundary condition of zero precursor flux); and (ii) by adopting the average inter-CNT 
spacing in a forest as the average scattering length in the Knudsen diffusivity for the precursor 
molecules. In the approach (i), MgO film growth is carried out in a pumped CVD system from 
Mg(DMADB)2 precursor and water co-reactant [14]. 
 We also investigate a special case of two-reactant CVD, in which the kinetics do not afford 
growth saturation for one of the reactants; for example, HfO2 film growth from TDMA-Hf 
precursor and H2O co-reactant, in which the film growth rate saturates vs. precursor pressure but 
is linearly proportional to water pressure within the optimized kinetic regime [27, 28]. In this case, 
we overcome the diffusion limitation of reactant transport by delivering the reactants in a forward-
directed way into the CNT forest, thereby achieving a conformal HfO2 coating in the forest. 
6.2 Experimental 
6.2.1 HfB2 film growth in static CVD 
 Conformal HfB2 coating of CNT forests is performed in a hot wall SCVD system 
(Figure 6.1). The reactor is constructed from a Pyrex tube (23 mm i.d.) with one end sealed; the 
tube is enclosed by a single zone box furnace. The other end is adapted to a stainless-steel fitting 
and connected to a turbo pump with the option of either flowing or static conditions. The base 
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pressure in this setup is ~ 10-7 Torr, which is essential for eliminating unwanted impurities in the 
film. Hafnium borohydride, Hf(BH4)4, is synthesized by Girolami et al. [12] and used as a single-
source precursor for HfB2 film growth.  
 The experimental protocol for the SCVD is chosen based on the conformal theory (below) 
such that the precursor pressure is maximized, and the reaction rate is reduced via the use of a low 
substrate temperature. The usual procedure steps include loading a batch of samples in the glass 
tube and baking them at 350 °C under vacuum to remove moisture. The tube and samples are 
cooled down to room temperature (RT), and the gate valve near the open end of glass tube (Figure 
6.1) is closed to switch the system to static (unpumped) mode. The tube is then dosed with the 
desired precursor pressure (2 to 12.5 mTorr in the present experiments), which is monitored by a 
high-accuracy capacitance manometer. The tube and samples are heated at a slow ramp rate, 
1 °C/min, up to 200 °C. The temperature is kept constant at 200 °C for 2 hours to ensure that all 
precursor is reacted-out; the extent of reaction is indicated by in situ measurements of total pressure 
rise in the reactor. Afterward, the system is cooled down to RT and the samples are unloaded. 
 At high pressure Hf(BH4)4 precursor slowly starts to nucleate around 100°C (with a long 
nucleation delay of several minutes); meaning that a small fraction of final film thickness is 
deposited before the substrate temperature reaches to 200 °C. 
Since in SCVD the precursor is not supplied continuously, its partial pressure inside the 
reactor depletes as the reaction progresses and eventually must below the minimum required for 
conformal growth. This low-pressure condition means that the final stages of coating have a lower 
step coverage, which is averaged into the measured overall step coverage.  Thus, if the growth 
were stopped earlier, the measured step coverage would be slightly better than in the present 
experiments, where we do not attempt to stop the growth process before the precursor is exhausted. 
 The uncoated (pristine) CNT forest substrates are synthesized by Tawfick et al. [29]. The 
blanket of forests has a base area of ~ 1.5 × 1.5 cm; the forest thickness (height) ranges from 14 µm 
to 1.7 mm; and the average forest area density is ~ 1 × 1014 tubes/m2. The outer and inner diameter 
of the uncoated CNTs are about 5 and 4 nm, respectively, with a wall thickness of about 1 nm; this 
means that the CNTs are multi-walled tubes. 
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6.2.2 MgO film growth in pumped CVD 
 For the deposition of MgO thin films from Mg(DMADB)2 and deionized water, a cold-
wall pumped CVD system is used; the details are described elsewhere [14]. A substrate 
temperature of 220 °C is used. Mg(DMADB)2 precursor is synthesized by Girolami at el. [30] and 
kept at RT in a Pyrex container which is adapted to a stainless-steel fitting. The valve to the turbo 
pump is throttled to achieve a Mg precursor pressure of 2 mTorr; no carrier gas is used. Water is 
kept at RT and a partial pressure of 3 mTorr is supplied using a needle valve to regulate flow.  
Precursor and water are supplied through separate stainless-steel tubes (4 mm i.d.) that point to the 
inside wall of the reactor (away from the substrate), creating a uniform (isotropic) flux distribution 
above the substrate. 
6.2.3 HfO2 film growth in pumped CVD 
For HfO2 film growth, the same cold-wall pumped CVD system is used; the substrate is maintained 
at a temperature of 200 °C. TDMA-Hf precursor is obtained from Sigma-Aldrich and kept at 40 °C 
in a Pyrex container adapted to a stainless-steel fitting; the precursor delivery tube outside the 
reactor is heated to 80 °C to prevent condensing on the inside walls of the tube. The valve to the 
turbo pump is not throttled in this case; a 0.18 mTorr of TDMA-Hf and 0.023 mTorr of deionized 
water is used. Precursor and water are supplied through separate stainless-steel tubes (4 mm i.d.) 
that point towards the substrate and terminate at 7 cm away from the substrate surface, creating 
very forward-directed ballistic fluxes toward the sample [27]. 
6.2.4 Film characterization 
 Film microstructure and thickness are determined using scanning electron microscopy 
(SEM). For SEM, the substrates are cleaved (which also cleaves the forest) and cross-sectional 
images of the forest are taken from a position near to the center of the substrate. The coating (film) 
thickness is calculated by subtracting the radius of uncoated tubes from the average radius of 
coated tubes at that depth in the forest (measured from the top downwards). The net step coverage 
in the CNT forests is calculated as the ratio of the final film thickness at the bottom of the forest 
to that at the top.   
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 Rutherford backscattering spectrometry (RBS) is used to measure the areal density of Hf 
or Mg atoms in corresponding films; this value is divided by the film thickness as measured by 
SEM to give the density of the Hf or Mg sublattice, respectively. For the growth conditions 
described above, the densities of the HfB2 and MgO films are ~ 70 % of that of corresponding bulk 
material; and the density of the HfO2 film is ~ 86 % of that of bulk HfO2. Note that RBS 
measurements were done on companion films grown on planar Si substrates.   
6.3 Theory of Conformal Coating 
 For CVD thin films from a single-source precursor, the functional dependence of the film 
growth rate (GR) on the precursor pressure (P) and the growth temperature (T) can be modeled 
using first order Langmuir kinetics as [8]: 
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  (6.1) 
where 1K  and 2K  are lumped rate coefficient that account for precursor adsorption, desorption 
and reaction at the growth surface. At low precursor pressure 2 ( ) 1K T P , and Equation 6.1 
becomes 1( , )GR P T K P . In contrast, at high pressure 2 ( ) 1K T P , which results in a growth 
saturation with 1 2( )satGR T K K .  Note that at high pressure the film growth rate becomes 
essentially independent of P, which is a critical condition for conformal coating in a high aspect 
ratio structure. 
 Using the above kinetic behavior, we previously developed an analytical model for the 
kinetic conditions that afford extremely conformal coating, i.e., where the surface reaction rate is 
nearly constant [8].  For a deep trench or via of given aspect ratio ( AR ), the required precursor 
pressure ( P ) is related to the film growth rate ( GR ) and the desired step coverage ( SC ) of the 
coating as: 
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where 0D  is the pre-factor in the Knudsen diffusion coefficient (the feature width is accounted for 
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by the AR);   is the atomic density of the film; and c  = 2, 4 for a trench or via, respectively. This 
result shows that (i) a high degree of step coverage (e.g., 0.9SC  ) can be maintained in a high 
AR structure if the precursor pressure is high; and (ii) for a given SC and AR , the growth rate 
can be increased (via the substrate temperature) in proportion to the available precursor pressure. 
Note that GR  has a unit of thickness per unit time in Equation 6.2. 
 The extension of the above theory to porous and high surface area materials is recently 
reported in the reference [17]. The pressure drop ( P ) in a porous material is given by: 
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where S  is the surface area per unit volume; L  is the thickness (depth); and eS  is the surface area 
enhancement defined as: eS SL . For a porous material with a very high surface area and a large 
thickness, the term 1 eS  becomes negligible. In Equation 6.3, GR has the unit of atoms per unit 
area per unit time. The effective Knudsen diffusion coefficient ( D ) is defined as: 
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where d  is the average pore size;   is the porosity of the material; and   is the tortuosity factor 
for the Knudsen flow. 
 Equation 6.3 is then used to a develop an analytical expression, analogous to Equation 6.2, 
for the required precursor pressure ( P ) as a function of the step coverage ( SC ) and the rate 
coefficients ( 1K  and 2K ); the expression is given by [17]: 
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with the same assumption that the pressure is high enough such that 2 ( ) 1K T P . 
 The lumped rate coefficients, 1K (T) and 2K (T), are ratios of microscopic surface reaction 
rate coefficients. However, to determine 1K (T) and 2K (T) at a given temperature, it is sufficient 
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to measure the macroscopic film growth rate on a planar substrate as a function of pressure, then 
fit the measured dependence to Equation 6.1.  
6.4 Diffusion Coefficient in CNT Forest 
 While the Knudsen diffusion coefficient in a deep trench or via is determined by the 
characteristic trench width or via diameter, it is a great challenge to accurately estimate the 
diffusion coefficient in a CNT forest, largely due to the microscopic randomness in the alignment 
of the tubes. Below we consider two different approaches to estimate the diffusion coefficient in a 
CNT forest, one of which by design is a conservative underestimate.  We then argue that a suitable 
working value is in-between the two estimates, and we use that value in precursor diffusion-
reaction calculations within the forests. 
6.4.1 Using MgO coating in a CNT forest 
 The diffusivity can be extracted directly from measurement of a film thickness profile and 
use of the continuity equation when the boundary conditions can be specified, as detailed below.  
We coated a CNT forest of height 17 µm using a water rich growth condition, 2 mTorr 
Mg(DMADB)2 precursor and 3 mTorr H2O co-reactant at 220 °C, such that the film growth rate 
is approximately proportional to the Mg(DMADB)2 flux (local pressure) which decreases with the 
depth in forest (Figure 6.2a). From our previous work on MgO coating in deep trenches at 220 °C, 
the partial pressure of the Mg(DMADB)2 precursor drops about 4.5 times more rapidly with depth 
than the water partial pressure [31]; this assures that water rich growth conditions are maintained 
at all depths in the forest and we need not consider the water pressure in the calculation. At a forest 
depth where the MgO film thickness reaches zero, we assume that the Mg precursor flux (pressure) 
is zero, establishing one of the necessary boundary conditions.  Film thickness at three different 
forest depths are measured from the SEM images: 45 nm near the top of the forest (Figure 6.2b); 
12 nm at a depth of 10 µm (Figure 6.2c); and zero at a depth of ~ 13.6 µm (Figure 6.2d). 
 To calculate the precursor pressure (flux) distributions in the forest, we solve the one-
dimensional (1D) continuity equation in steady state [11], incorporating the above experimental 
thickness profile. This steady state differential equation is given by: 
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where   is the time duration of growth; 0t  is the film thickness at the opening ( 0z  ); and cL  is 
the depth at which the film thickness becomes zero. Here, we model the precursor transport only 
in the z-direction (along depth) of the forest, which is acceptable for the center of a forest with 
centimeter-scale in-plane dimensions (far away from edge effects).   
 Equation 6.6 is integrated twice, within an interval of z  to cL , to obtain an analytical 
solution for the precursor pressure (P) as a function of the forest depth (z), which is given by: 
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The surface area per unit volume ( S ) in a CNT forest is calculated using the relationship: 
  2 o avg CNTS r t N    (6.8) 
where 0r  is the outer radius of a CNT; avgt  is the average film thickness in the forest; and CNTN  is 
the forest area density expressed as the number of tubes per unit area. 
 Using Equations 6.6 and 6.7, along with the known Mg(DMADB)2 pressure (2 mTorr) at 
0z  , the calculated effective diffusion coefficient ( D ) in the forest of Figure 6.2a is 
~ 2.9 × 10-5 m2 / s. 
6.4.2 Using an average in-plane spacing between the CNTs 
 Equation 6.4 can be used to calculate D  in a porous material if the average scattering 
length ( d ), the porosity ( ) and the tortuosity factor ( ) are known. For a CNT forest, a 
conservative approach to estimate d  is to take the reciprocal of CNTN that approximates an array 
of CNTs as a square box with inner edge length of d [32]. In case of coating a forest, this 
characteristic length decreases with film growth, giving an expression: 
  o
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N
     (6.9) 
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 Similarly, the porosity ( ) of the forest depends on the coating thickness and is given by: 
  
2
01 avg CNTr t N      (6.10) 
Considering that the CNT forests have a statistical vertical alignment and that the precursor or co-
reactant diffuses only in the z-direction, the tortuosity factor ( ) is assumed to be unity in the 
present calculations. 
 Using Equations 6.4 and 6.8–6.10, the effective diffusion coefficient ( D ) in the CNT forest 
of Figure 6.2a is calculated to be ~ 3.7 × 10-6 m2 / s. This value is less than that obtained from the 
MgO thickness profile in the forest (Figure 6.2) by a factor of 8; we attribute this difference to the 
very conservative approximation of in-plane d  in the CNT forest. In reality, there is a certain 
probability that a molecule can travel a much longer distance before colliding with a CNT, which 
is not accounted for in that estimation of d . Nonetheless, approach (ii) is more suitable to calculate 
the diffusion coefficient in a large number of CNT forests with variable film thickness and forest 
area density, because it is not practical to repeat the experiment in Figure 6.2 for many CNT forests. 
In the rest of this work, we use approach (ii) to calculate the diffusion coefficient in the CNT 
forests, but we multiply the value by a factor of 2 to modestly correct the overly conservative 
diffusion coefficient values.  Note that an underestimate of the diffusion coefficient also 
underestimates the ability to obtain conformal coverage in a deep structure; the experimental 
results should therefore be more conformal than suggested by the model.   
6.5 Conformal HfB2 Coating 
6.5.1 Experimental results 
 SCVD is used to conformally coat CNT forests with different heights using a starting 
pressure in the range (2.0 – 12.5 Torr) for the Hf(BH4)4 precursor and a nominal substrate 
temperature of 200 °C (Table 1). For sample A, a 12.5 Torr of precursor pressure is used in a CNT 
forest with height of 0.4 mm (Figure 6.3a). The coating thickness decreases from 11 nm at the top 
of forest (Figure 6.3b) to 9 nm at the bottom of forest (Figure 6.3c), giving a step coverage of ~ 
82 %. Note that the available precursor partial pressure in the SCVD reactor decreases dynamically 
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(consumed as film); therefore, there is a sharp decrease in the step coverage near the end stage of 
film growth, when the precursor pressure in the reactor approaches zero. Consequently, the net 
step coverage of the coating becomes lower than the maximum achievable; this can be avoided by 
stopping the growth process before the complete depletion of precursor in the reactor. 
 A remarkable observation in Figures 6.3b and 3c is that the HfB2 coating creates “welded” 
joints at locations where the neighboring CNTs touch each other (some of which are marked with 
white arrows in Figures 6.3b and 6.3c; such joints greatly modify the mechanical behavior of the 
foam structure. In an uncoated forest, the CNTs are in contact with each other by a weak van der 
Waals force, and so they slip under load. In contrast, the HfB2 coating converts these weak contact 
points into strong joints, increasing the maximum load that the forest can withstand before failure 
[33]. In addition to creating strong joints in the CNT forest, the HfB2 coating also greatly improves 
the adhesion of CNTs to the underlying Si substrate (the interface between the HfB2 film and Si 
substrate is marked with a white dashed line in Figure 6.3c. 
 With a lower precursor pressure of 4 Torr and a similar forest, the same net step coverage 
is obtained in sample B (Table 1); this is due to the fact that the minimum precursor pressure for 
growth saturation (described below) is much lower than the pressures used for sample A or B. 
When a lower forest height of 80 µm is used for sample C, the net step coverage improves 
significantly to 92 %. To further test the conformality in a forest with much higher height of 
1.7 mm (sample D), the precursor transport is enhanced by patterned cylindrical holes with 
diameter of 3 µm, which span the full height of the forest and are uniformly spaced at 20 µm. A 
step coverage of 63 % is obtained in this sample, which we consider to be very impressive, given 
the large forest height of 1.7 mm. The reason for the good conformality in such a tall forest is the 
rapid transport of precursor down the holes, then the lateral diffusion of precursor into the 
structure.  The lateral diffusion distance in this structure (= 10 µm) is very short compared with 
the forest height. 
 The conformal theory in a trench (or via), described in Equation 6.2, predicts that a 
rectangular trench (parallel sidewalls) with aspect ratio of ≤ 200 can be conformally coated to a 
step coverage of 99.9 % (the theoretical limit is < 1 in Equation 6.2), for a precursor pressure of 
2 Torr and a substrate temperature of 200 °C. To experimentally proof the high degree of HfB2 
film conformality in SCVD, a lithographically defined SiNx walled microtrench with aspect ratio 
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of 5 is completely filled with HfB2 by SCVD, using the above the growth conditions (Figure 6.4). 
Note that the trench width decreases dynamically as the film thickness on the sidewalls increases, 
thereby increasing the effective aspect ratio up to a very large number near the end of fill. A slight 
outward tapering at the trench opening (as observed in Figure 6.4), however, helps to avoid a 
pinch-off at that stage of fill. 
6.5.2 Modeling results 
 To employ the conformal theory described in Equation 6.5, we first calculate the rate 
coefficients, 1K and 2K  at temperatures of 200 and 250°C, for which data are available.  Equation 
6.1 is then used to calculate the film growth rate at any pressure up to the full vapor pressure of 
the precursor. For HfB2 films grown from Hf(BH4)4 precursor, the growth rate essentially saturates 
at ~ 25 mTorr with a rate of 2.7 nm/min when the substrate temperature is 200 °C (Figure 6.5). In 
contrast, for a substrate temperature of 250 °C, the growth saturation occurs at ~ 100 mTorr with 
a rate of 22 nm/min. At a lower temperature the precursor reactivity is reduced, resulting in a lower 
film growth rate and a lower minimum pressure for growth saturation. The available precursor 
vapor pressure of 15 Torr is far higher than the minimum saturation pressure, even for a substrate 
temperature of 250 °C; therefore, higher temperature can be used to conformally coat porous 
material at a relatively fast rate by SCVD. 
 To estimate the pressure drop as a function of the forest depth, Equation 6.3 is used for a 
forest with area density of 1×1014 tubes/m2 at 200 °C and film thicknesses of 5, 10, and 20 nm 
(Figure 6.6); the film growth is considered to be in saturation with a rate of 2.7 nm/min 
(Figure 6.5). The analytical solution for pressure drop, described by Equation 6.3, assumes 
constant growth rate throughout the depth of the forest (i.e., step coverage = 1). For a HfB2 film 
thickness of 5 nm, a forest depth of ≤ 1 mm can be conformally coated (step coverage ≈ 1) using 
the full vapor pressure of the Hf precursor. Note that the minimum saturation pressure at 200 °C 
is ~ 15 mTorr (Figure 6.5); in the calculation of Figure 6.6, we let the pressure to drop up to 
0.5 Torr. As expected, the maximum forest depth for conformal coating decreases with increasing 
film thickness; this is due to a combined effect of increased surface area and decreased scattering 
length ( d ) for a higher film thickness. Figure 6.6 shows that forest depths of ≤ 0.75 mm and 
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0.45 mm can be conformally coated (underlying assumption of unity step coverage) for a film 
thickness of 10 nm and 20 nm, respectively. 
 For the CNT forest used in Figure 6.3, we employ Equation 6.5 to calculate the minimum 
required Hf precursor pressure, using step coverages of 80, 90 and 95 %, as a function of film 
thickness (Figure 6.7). For a given forest density, the maximum film thickness is limited by the 
average inter-CNT spacing ( d ), as described in Equation 6.9. For the forest considered in 
Figure 6.7, the maximum film thickness is ~ 45 nm. When the film thickness approaches this 
maximum value, the diffusion in the forest becomes extremely difficult due to a very narrow 
spacing between the tubes. Consequently, the required precursor pressure rises very sharply. These 
results suggest that, to achieve a high degree of conformality in a CNT forest, the maximum film 
thickness must be limited to a value (for example, ~ 40 nm in Figure 6.7) somewhat less than half 
of the inter-CNT spacing.  Of course, in a real CNT forest the packing of the tubes is somewhat 
irregular, so a small growth rate will persist in open channels beyond the value calculated here. 
 The dependence of the minimum required precursor pressure on the film thickness and 
forest density is calculated for the forest in Figure 6.3, at a step coverage of 90 % and a substrate 
temperature of 200 °C (Figure 6.8a) or 250 °C (Figure 6.8b). For given values of film thickness 
and forest density, the required pressure increases with temperature; this is due to the increased 
precursor reactivity at a higher temperature, leading to a faster precursor consumption rate in the 
forest. Figure 6.8 offers guidelines for choosing (trading off) the CNT forest density and HfB2 
coating thickness within the allowed pressure limit; the choices are related to the desired properties 
in an application (described more in Chapter 7). Since the precursor partial pressure in the SCVD 
reactor decreases with film growth, to maintain the desired step coverage, the growth process must 
be stopped when the local partial pressure at the bottom of forest is still above (or around) the 
saturation threshold. In that regard, the results in Figure 6.8 provide quantitative information about 
when to stop the growth process.  Note that the precursor partial pressure can be determined from 
the total pressure in the SCVD reactor by accounting for the reaction stoichiometry: one B2H6 plus 
five H2 molecules are generated per one precursor molecule consumed. 
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6.6 Conformal HfO2 Coating with Low Pressures 
 Because of a high surface area and a low diffusion in CNT forests, a low partial pressure 
of the reactant molecules is unfavorable to achieve the necessary local surface saturation for 
conformal coating. Conformal coating becomes essentially impossible when the process is 
operated in a kinetic regime where growth rate is proportional to the reactant flux (pressure). We 
recently reported such a kinetic regime for HfO2 growth from TDMA-Hf precursor and water co-
reactant, in which growth rate saturates at high TDMA-Hf precursor pressure, but is rate controlled 
by, and linearly dependent on, the H2O pressure [27]. However, we demonstrated that the diffusion 
transport limitation can be turned into an advantage by delivering water molecules forward-
directed at the bottom of a deep trench, thereby creating a virtual source of water at the bottom. 
Since the local growth rate is proportional to the corresponding water flux, coating is thicker at the 
bottom and decreases toward the top of trench; such a superconformal profile affords complete fill 
in trenches without any void or seam. Experimentally, the forward-directed transport of H2O 
molecules at the trench bottom was implemented by: (i) pointing the water delivery tube at the 
substrate (forward-directed flux), and (ii) keeping the total process pressure < 1 mTorr to minimize 
the gas phase scattering rate [27]. 
 In this work, we test the same HfO2 growth kinetics in a CNT forest with height of 14 µm 
by pumped CVD; the growth conditions are: 0.18 mTorr TDMA-Hf and 0.023 mTorr H2O at 
200 °C (Figure 6.9). In this experiment, both the precursor and water delivery tubes are pointed to 
the forest substrate, so that the local partial pressure of TDMA-Hf precursor is at near saturation 
at all depths in the forest. SEM image of the coated forest shows a bright region near the top, which 
sharply changes to a darker region at a forest depth of ~ 3 µm (Figure 6.9a). The measured coating 
thicknesses in the forest are: 12 nm at the top (Figure 6.9b); 6 nm at the mid-depth (Figure 6.9c); 
and 5 nm at the bottom of forest where coating on the underlying Si substrate is also observed 
(Figure 6.9d). Surprisingly, the coating is highly conformal in the bottom half of the forest with a 
step coverage of 5/6 or 83 %. 
 To better understand these experimental results, we use Equation 6.3 to calculate the H2O 
pressure drop in the forest as a function of depth, considering an average film thickness of 5 nm 
(Figure 6.10). Since the steady state water partial pressure outside the forest is 0.023 mTorr, the 
result in Figure 6.10 predicts that water is completely depleted at a depth of ~ 2.5 µm, which is 
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strikingly close to the height of bright region in Figure 6.9a. Note that, our estimation of diffusion 
coefficient is slightly conservative as discussed before, which overestimates the pressure drop in 
a forest. According to Figure 6.10, the coating thickness in the forest should be zero after a depth 
of 2.5 µm, which is in a strong disagreement with the experimental results in Figure 6.9. Based on 
our previous experience with forward-directed fluxes [14, 27, 28], we attribute the experimental 
coating result in Figure 6.9 to the ballistic transport of precursor and water molecules in the depth 
of forest, affording a higher local flux than that estimated by diffusion transport (Figure 6.10). 
Since the top portion of the forest (first few microns from the top) receives both isotropic and 
forward-directed fluxes, the CNTs within that depth has a higher coating thickness; a similar 
behavior was observed in the HfO2 coating of microtrenches (Chapter 2). After that depth, 
however, the isotropic flux diffusing from the outside of forest depletes to zero, and the forward-
directed fluxes maintain a gas distribution in the depth of forest to afford conformal coating. 
 Considering the impressive HfO2 coating result in a forest, we propose that the forward-
directed fluxes can be used for conformal coating in CNT forests for two-reactant CVD process, 
in which the growth kinetics do not afford a simultaneous growth saturation for both the reactants. 
This approach can also be employed for a single-reactant CVD process, in which the vapor 
pressure of the reactant is too low to achieve complete growth saturation; this is the case for a large 
fraction of the available CVD precursors. 
6.7 Conclusions 
 We demonstrate extremely conformal HfB2 coating in CNT forests with height of 
≤ 1.7 mm by employing static (unpumped) chemical vapor deposition (SCVD), utilizing a high 
pressure of the Hf(BH4)4 precursor, up to its full vapor pressure. When the substrate temperature 
is kept low (≤ 200 °C in present experiments), the growth saturation occurs at a pressure that is 
orders of magnitude lower than the maximum precursor pressure limit, thereby affording a high 
degree of conformality in the forests. A step coverage of 92 % is achieved when the forest height 
is 80 µm. 
 In addition to high conformality, HfB2 coating creates strong joints wherever the 
neighboring CNTs touch each other; this converts the CNT forest with van der Waals interactions 
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into a mesoscale composite foam with greatly enhanced mechanical performance. We calculate 
and compare the Knudsen diffusion coefficient in a CNT forest using two different approaches, 
and then employ the theory of conformal CVD to predict the minimum required precursor pressure 
as a function of the coating thickness, forest height and the area density of CNTs. We propose that 
the SCVD method can be used for conformal coating with nearly unity step coverage for a single-
source precursor, provided that: (i) a growth saturation is achievable within the limit of vapor 
pressure, and (ii) the reaction byproducts are stable enough not to decompose on the growth surface 
at temperature.  
  We also demonstrate a case of two-reactant conventional pumped CVD using HfO2 growth 
from TDMA-Hf precursor and water co-reactant, in which the kinetics do not afford simultaneous 
growth saturation for both the reactants. In this case, we deliver the reactants as forward-directed 
fluxes (ballistic transport) to achieve conformal HfO2 coating within a forest. The forward-directed 
flux method is especially useful for CVD precursors for which the growth saturation is not 
observed within the limit of vapor pressure.  
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6.9 Tables and Figures 
 
Table 6.1. HfB2 coated CNT forests at growth temperature of ≤ 200 °C. The inequality indicates 
that the film nucleation and growth start at a temperature lower than 200 °C during the temperature 
ramp in SCVD.  
Sample 
Hf(BH4)4 
pressure 
(Torr) 
Forest 
height 
(mm) 
Film thickness 
(nm) 
Net step 
coverage 
(%) 
Top Bottom 
A 12.5 0.4 11 9 82 
B 4 0.4 11 9 82 
C 2 0.08 12 11 92 
D* 5 1.7 16 10 63 
* The CNT forest in sample D has patterned cylindrical holes (diameter of 3 µm and uniform 
spacing of 20 µm) that span the full height of the forest.  These enhance precursor transport to the 
bottom. 
 
 
 
 
Figure 6.1. Schematic of the static CVD setup used for conformal HfB2 coating in CNT forests. 
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Figure 6.2. SEM images of MgO coating in a CNT forest of height 17 µm, coated using 2 mTorr 
Mg(DMADB)2 and 3 mTorr H2O at 220 °C for 60 min by pumped CVD. a) A top portion of the 
forest showing gradual decreases in contrast (brightness) with depth (z), meaning a decline in film 
thickness. b-d) Magnified images showing the film thickness: 45 nm at z = 0 (b); 12 nm at z = 
10 µm (c); and zero at z = ~ 13.6 µm. The forest density in the plane of the substrate is ~ 1 × 1014 
tubes/m2. 
 
 
139 
 
 
Figure 6.3. SEM images of HfB2 coating in a CNT forest (sample A) of height 0.4 mm, coated 
using a 12.5 Torr of Hf(BH4)4 pressure at ≤ 200 °C by SCVD. a) Image at low magnification 
showing the full height of the CNT forest. b) Image at high magnification showing a film thickness 
of 11 nm at the top of forest, and c) a film thickness of 9 nm at the bottom of forest. The interface 
between the HfB2 film at the bottom and the underlying Si substrate is marked with a white dashed 
line in c). The white arrows in b) and c) point to some of the ‘welded’ joints created by HfB2 
coating at locations where the CNTs touch each other. 
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Figure 6.4. Cross-sectional SEM image of a HfB2 filled trench with aspect ratio of 5, obtained 
with a 2 Torr of Hf(BH4)4 precursor at ≤ 200 °C by SCVD. 
 
 
 
Figure 6.5. Calculated HfB2 film growth rates at 200 and 250 °C as a function of Hf(BH4)4 
precursor pressure, obtained using Equation 6.1 and experimental results in references [8, 10, 11]. 
Two breaks are used in the x-axis to show the rate up to the precursor vapor pressure (15 Torr at 
room temperature). 
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Figure 6.6. Calculated Hf(BH4)4 pressure drops for different HfB2 coating thicknesses as a 
function of depth in a CNT forest at 200 °C; the area density of the forest is 1×1014 tubes/m2. The 
underlying assumption in this calculation is that the film growth rate is constant throughout the 
depth of the forest, i.e., a step coverage of unity. 
 
 
Figure 6.7. Calculated (Equation 6.5) minimum required Hf(BH4)4 pressure for step coverages of 
80, 90 and 95 %, as a function of film thickness in a CNT forest at 200 °C. The forest shown in 
Figure 6.3a (height = 0.4 mm) is considered in these calculations. 
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Figure 6.8. Contour plot of minimum required Hf(BH4)4 pressure for a step coverage of 90 % as 
a function of film thickness and CNT forest density, at a substrate temperature of 200 °C (a) and 
250 °C (b). The forest shown in Figure 6.3a is considered in these calculations. 
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Figure 6.9. SEM images of HfO2 coating in a CNT forest of height 14 µm, coated using 
0.18 mTorr TDMA-Hf and 0.023 mTorr H2O at 200 °C for 15 min by pumped CVD. The 
precursor and water delivery tubes are pointed to the forest to obtain forward-direct ballistic fluxes. 
a) Image at low magnification showing the full height of the CNT forest. b-d) Magnified images 
showing a film thickness of 12 nm at near the top of forest (b); 6 nm at the mid-depth of forest (c); 
and 5 nm at the bottom of forest. The forest density is ~ 1 × 1014 tubes/m2. 
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Figure 6.10. Calculated H2O pressure drop for a HfO2 coating thickness of 5 nm, as a function of 
depth in a CNT forest at 200 °C; the forest shown in Figure 6.9a is considered in this calculation
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CHAPTER 7 
STIFFNESS AND STRENGTH OF CONFORMAL HfB2 COATED 
CARBON NANOTUBE FORESTS 
 In chapter 6 the conformal HfB2 coating of carbon nanotube (CNT) forest using static 
chemical vapor deposition (SCVD) was discussed. This chapter briefly explores the modulus and 
compressive strength measurements of HfB2 coated CNT forest, using flat punch nanoindentation 
technique. 
 This work is a highly collaborative effort between Prof. Sameh Tawfick, Prof. John R. 
Abelson, Ms. Carly Sandin, and myself. Prof. Tawfick and Ms. Sandin synthesized the CNT 
forests, and I coated them with HfB2 thin films. Ms. Sandin then performed the mechanical 
measurements on the coated samples. Film thickness was measured by Ms. Sandin and myself. 
 The following text is adapted from a collaborative manuscript (in preparation) in which a 
HfB2 coating of CNT forest section is written by Prof. Abelson and myself. Further details of the 
CNT forest synthesis and mechanical measurements can be found in Reference [1]. 
7.1 Introduction 
 Ultra-high temperature coatings (UHTC) are required to protect several parts of hypersonic 
vehicles such as sharp leading edges where the temperatures are expected to reach 2000 ºC [2]. 
Hafnium and zirconium borides are considered particularly strong candidates for these applications 
owing to their high melting temperatures combined with their high thermal conductivity [3]. This 
makes these alloys strong candidates for use in sharp wing leading edges and nose tips. They also 
exhibit extraordinary thermal stability due to their low thermal expansion coefficient and relatively 
high oxidation temperature. For example: the oxidation of HfB2 takes place around 1200 ºC, which 
can be further enhanced by alloying with high melting temperature additives such as silicon 
carbide. 
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 The processing routes to produce these materials are extremely severe. Hot pressing is the 
standard process to produce dense HfB2 (or ZrB2), in which a combination of very high process 
temperature (~ 1800 °C), inert gas environment and high pressure (~ 50 MPa) is necessary [4]. 
Another method to produce dense HfB2 is the spark plasma sintering, which also requires an 
extremely high process temperature (~ 2100 ºC) and a pressure of ~ 30 MPa [4]. While these 
techniques are suitable for bulk-like HfB2, the required process conditions render them impractical 
to create thin films coating with uniform thickness in a complex geometry, such as CNT forest. 
 In contrast, chemical vapor deposition (CVD) can be used to make highly conformal HfB2 
thin films with good properties; as deposited films have a hardness of 15 GPa, an elastic modulus 
of 320 GPa and a low coefficient of friction (~ 0.1) [5-7]. Upon thermal annealing at 700 °C, HfB2 
films transform into a nanocrystalline phase of grain size 5-8 nm. Annealing increases the hardness 
to 40 GPa with enhanced wear resistance [5, 6].  Alloying of HfB2 films with nitrogen results in a 
ternary alloy that has a reduced elastic modulus and does not crystallize upon annealing to 
700°C [8]. 
 In this study, we present a new route for preparing UHTC of HfB2 using aligned carbon 
nanotube (CNT) scaffolds. The process consists of two consecutive CVD steps: the first is to 
synthesize the CNT forests [1]; followed by the second CVD process to obtain a highly conformal 
HfB2 coating on the CNTs (Chapter 6). This simple route enables the synthesis of millimeter-scale 
thick films with tunable porosity and mechanical behavior at temperatures lower than 800 °C. We 
believe that this process is amenable for scaling and could be implemented to coat meter-scale 
panels. 
7.2 Experimental 
 CNT forests with 25 μm diameter and 30 μm height are synthesized on Si substrates [1]; 
this forest size is referred to as ‘CNT pillar’ to distinguish from those described in Chapter 6. The 
CNT pillars are conformally coated with HfB2 films using Hf(BH4)4 precursor in SCVD (Figure 
7.1); the details are described in Chapter 6. Different coating thicknesses in the range of 3 to 45 nm 
are obtained by using appropriate Hf(BH4)4 precursor pressure (0.1 to 5 Torr) at a growth 
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temperature of ≤ 200 °C (Figure 7.2); the coating thickness is measured by scanning electron 
microscope (SEM). 
 Stress-strain measurements of the HfB2 coated CNT pillars are done by flat punch 
nanoindentation; the flat punch has a radius of 60 µm. The low aspect ratio of the CNT pillars 
forbids the failure by Euler’s column buckling [9]. The stress is calculated as the applied load 
divided by the pillar area, and the engineering strain is defined as the displacement divided by the 
original length (height) of the pillar. 
7.3 Results 
  The HfB2-CNT composites exhibit a highly nonlinear compressive response reminiscent 
of open cell foams (Figure 7.3). In general, the behavior can be divided into three regimes: (I) the 
initial regime of pre-collective buckling loading; (II) the post-collective buckling plateau; and 
(III) the densification regime. Importantly, the material exhibits nonlinear inelastic response in all 
three regimes. For example, Figure 7.4 shows typical engineering stress-strain curve obtained for 
HfB2 coating thickness of 3, 16, 20 and 50 nm in pre-buckling regime I. The response is clearly 
nonlinear during loading and unloading even in this regime. The loading curves show a hardening 
response, characterized by gradual increase in slope as discussed below. This inelastic response 
observed in regime I (Figure 7.4) is in contrast with the purely elastic response of open cell foams 
in the pre-buckling regime; this is explained as follows. 
 The uncoated CNT bundles are not perfectly straight after synthesis, which is maintained 
after the conformal HfB2 coating. The coated CNTs intersect at many points where they are bonded 
by: (i) welding of the contact points by HfB2 coating, and (ii) Van der Waal forces between coated 
CNTs in touch with each other. The total number of these nodes in HfB2-CNT sample depends on 
the area density of CNTs (i.e., number to tubes per unit area) and the coating thickness; whereas 
the bonding strength of these nodes depends on the angle of intersection and the coating thickness. 
Note that the Van der Waals forces between touching CNTs are much weaker than the HfB2 welded 
nodes (joints). Due to the random distribution of these nodes, the local bending stress distribution 
in the HfB2-CNT composite is not uniform. 
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 Upon compressive loading, the coated CNTs with weakly bonded nodes slip with respect 
to each other, even at the smallest applied load. This has two effects on the stress-strain response; 
first, the re-arrangement during loading (in regime I) results in a hardening behavior as observed 
in Figure 7.4. During the arrangements, the coated CNTs deforms (locks) into a more resistant 
configuration. Consequently, their load-resistance ability increases as demonstrated by the 
increase in slope (Figure 7.4). The second effect is observed by the large levels of hysteresis (~ few 
percent strain), which is a direct result of the HfB2-CNT composite being locked in a new 
configuration. 
 For each coating thickness, we also compress pillars up to larger strains until they collapse 
and start to densify. The resulting stress-strain curves (Figure 7.3) allow us to identify the 
maximum load before the onset of buckling plateau (regime II in Figure 7.3); the corresponding 
stress is considered as the compressive strength. The peak stress before the plateau is associated 
with collective buckling of the CNTs across the cross section. For very thin coating (≤ 3 nm), the 
peak stress arises due to coordinated buckling of all CNTs across one plane (Figure 7.3a). This 
leads to the accordion-like buckling behavior observed by several groups for uncoated CNTs [9, 
10], which is useful for applications requiring energy absorption by the foam structure [11]. 
 From the stress-strain curves in pre-buckling regime I (Figure 7.4), the modulus of the 
HfB2-CNT composites is calculated by measuring the unloading slope for the first 10% of the peak 
load. Note that, this slope is not constant for different peak loads used for different HfB2 coating 
thickness. To better understand this response, we compress the micropillars with different 
maximum loads (within regime I) and measure the first 10 % of unloading slope in each case. 
When these unloading slopes are plotted against the corresponding maximum stress (normalized 
with buckling stress), we observe a trend that the unloading slope increases with the applied stress 
following a power law (Figure 7.5); this is true for all the HfB2 coating thicknesses in the present 
experiments with a power 0.56 0.6m   . The power m is reminiscent of the strain hardening 
coefficient that describes the true stress-strain response in the post-yielding regime for ductile 
materials. To define and further clarify the physical significance of m, we can write an empirical 
constitutive relation in regime I as: 
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m p
I MK    (7.1) 
where 
I  is the unloading slope in regime I; M  is the effective nonlinear modulus; K  is the ratio 
of maximum stress to bucking stress,   is the applied engineering strain; m and n  are the 
reorganization and strain hardening coefficients, respectively. Our results indicate that 0p   for 
all the tested HfB2 coated CNT pillars, meaning that there is no consistent dependence of the 
unloading slope on the applied strain. Instead, a consistent trend is obvious in the dependence of 
the unloading slope on the applied stress (Figure 7.5). We believe that this constitutive law sheds 
a light on the stress-strain response of this new type of open cell foam. As the stress increases, the 
coated CNTs gradually reorganize themselves due to slip at the weak nodes. When the applied 
stress reaches the transition point between regime I and II (Figure 7.3), the slipping of the coated 
CNTs is no longer random to reorganize themselves. When the stress is increased beyond this 
locking point, the coated CNTs collectively buckle by forming folds that span across the cross-
section of the pillars.  Interestingly, the reorganization rate is similar for most of the HfB2 coating 
thicknesses in the present study; we refer this as the reorganization hardening coefficient having 
the value m ~ 0.55. Based on this definition, m depends on the morphology of the CNT scaffold, 
characterized by the alignment and area density of the CNTs; the detail understanding of this 
dependence needs further investigation and beyond the scope of this work. 
7.4 Discussion 
 The y-intercept in Figure 7.5 is simply M (modulus) in Equation 7.1 and has the unit of 
stress. It corresponds to the unloading slope at the onset of buckling (K = 1). We use the calculated 
values of M as the effective modulus of the material and use it to compare the elastic behavior of 
the HfB2-CNT composites, as a function of the coating thickness (Figure 7.6a) and density (Figure 
7.6b). The compressive strength of the pillars is plotted as a function of the coating thickness and 
density (Figure 7.7). The scaling of the modulus (and compressive strength) with the density of 
the material is highly relevant to aerospace composites and load bearing materials. For cellular 
materials, these properties usually change with density following a power law in the form: property 
(M, S) ~ ρn, where S is the compressive strength; and n ranges from 1 to 3 [13]. It is well known 
that n = 1 and 2 correspond to stretch and bending dominated microstructures, respectively [14]. 
We find that the modulus-density behavior of the HfB2-CNT foams scales with n = 3, which agrees 
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well with our previous work on Al2O3 coated CNTs [11]. The scaling behavior of the compressive 
strength with the density have an exponent, n = 3.37. Scaling law exponents larger than 2 (e.g., 3) 
correspond to composite foam structures, in which the connectivity of the node morphology 
changes due to coating. More specifically, as the coating thickness increases, the CNTs are cross-
linked (welded) at the intersection points, resulting in a significant strengthening of the structure 
and an exponent n > 2. Note that a lower exponent is usually advantageous if the goal is to 
construct an ultralight foam without sacrificing the mechanical behavior. On the other hand, when 
a low-density material, such as a CNT pillar, is used as the scaffold to construct a low porosity 
composite by conformal coating, a higher exponent indicates an efficient coating process and a 
rapid enhancement of properties with coating thickness. 
7.5 Mechanics Model 
 The ability of SCVD to coat and penetrate the CNT scaffold is demonstrated by considering 
the CNTs with the highest coating thickness of 45 nm. The density of these coated sample is 
measured to be 3656 kg/m3 which corresponds to 36 % of the bulk HfB2 density. At this thickness, 
the modulus and strength of the coated micropillar is measured to be 107 GPa and 1.94 GPa 
respectively; the modulus corresponds to 33 % of the HfB2 film modulus. We use a minimalistic 
mechanics model to gain more insights into this behavior. We consider the material to be CNT 
foam before coating, which transforms into a porous HfB2-CNT composite after the HfB2 coating. 
First, we analyze the mechanics of the CNT pillar before coating. We consider the difference 
between the known single MWNT modulus, size and density on one hand, and the measured CNT 
pillar modulus, geometry and density on the other hand. The CNT pillar properties measured by 
indentation result from the arrangement of the individual MWNT. Similar to the classical analysis 
of foams, the CNT forest is made from a combination of similar cubic unit cells (Figure 7.8a). The 
behavior of a unit cell is equivalent to the behavior of the CNT pillar. Inside each unit cell, the 
individual MWNT are subject to bending stresses when the CNT pillar is compressed. Because 
the CNTs are slender beam elements, the bending stresses within the unit cell can be computed 
using Euler-Bernoulli beam approximation of simply supported beams (Figure 7.8b). The supports 
in this case arise from the contact nodes between the CNTs. Based on this description; we can then 
calculate the Modulus (M) of a unit cell of the CNT pillar using 
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 CNT cell
cell
k l
M
A
   (7.2) 
where 
CNTk  is the stiffness of the CNT beams in the cell;  celll  is the length of the unit cell; and cellA  
is the area of the unit cell. The stiffness of the CNT beams in a cell is given by: 
 
3
0
3 CNT CNT
CNT
E I
k
l
   (7.3) 
Here 
CNTE is taken to be 1 TPa, and  4 4 44 427 nmCNT o iI r r   . The length of the effective 
CNT beam (
0l ) for pure CNT forest is taken to be equal to the size of the cubic cell, giving 0 CNTl l
. The size of the unit cell is the unknown but can readily be determined by substituting the 
indentation measured value of modulus for uncoated CNTs, 2.5 MPapillarM  . From this analysis, 
we calculate 
0 150 nml  , which agrees well with the intersection morphology of the CNTs 
observed in the SEM images.  
 Application of this minimalistic beam model to the HfB2 coated CNTs provides useful 
insights into the mechanisms of modulus enhancement due to coating (Figure 7.8a). When the 
CNTs are coated, we expect the new modulus of rigidity as:      
2composite CNT HfB
EI EI EI  .  We 
take
2
320 GPaHfBE  and  2 2
4 44HfB HfB oI r r  , which varies with the coating thickness. First, we 
use these values to calculate the composite modulus compositeM  for each thickness, assuming that 
the unit cell does not change its size due to coating, i.e., 
1 0 celll l l  . The results of this calculation, 
shown in Figure 7.7, indicate that compositeM  is under-estimated using the assumption of fixed cell 
size. Next, we assume that  
21 0
2 HfB ol l r r   , i.e., the cell size is reduced by the coating thickness 
(Figure 7.8b). compositeM  is then calculated using this variable cell size model, and the results are 
also shown in Figure 7.7. Clearly, this minimalistic model captures the modulus change due to thin 
coating. This also demonstrates the high degree of conformability (step coverage) of the coating 
obtained by SCVD, which is the essence of the mathematical model through the assumption made 
in the calculation of 
2HfB
I . Notably, compared to previous similar model for the coating of aligned 
CNTs, this minimalistic model does not consider any variations in the coating thickness (gradients) 
across the length or the diameter. However, for the maximum deposition thickness of 45 nm, the 
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model overestimates the modulus, which indicates that the thickness of HfB2 is not uniform across 
the height of the pillar when the coating thickness approaches this value of 45 nm. 
7.6 Conclusion 
 We demonstrate the fabrication of HfB2-CNT composite structures. The CVD of CNTs 
allows the fabrication of a scaffold having very low weight density and large open pores that 
represent an ideal substrate for subsequent coating and functionalization. Using an optimized 
SCVD process, the CNT scaffolds are then conformally coated with different HfB2 film 
thicknesses to effectively increase the strength and modulus of the structures.  Owing to the large 
surface area of the CNTs, a HfB2 coating thickness of 45 nm in a 25 µm thick composite structure, 
has ~ 36 % HfB2 content. The properties are analyzed in light of the mechanics of porous materials; 
the modulus and compressive strength follow a power law relationship with respect to the density 
(~ n ) with exponents n = 3 and 3.4, respectively.  We show that this scaling can be 
mathematically predicted using a minimalistic model, considering that the compressive response 
of the composite structures results from the bending of the coated CNTs. The nearly unity step 
coverage of the HfB2 coating allows the implementation of this simple model.  These results are 
useful steps towards the realization of low density thermal protection system using ultra-high 
temperature ceramics, which are otherwise extremely difficult to process. 
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7.8 Figures 
 
 
Figure 7.1. a) SEM image of a CNT pillar used for the flat punch nanoindentation. b) High 
resolution SEM image showing the details of the CNT network coated with HfB2. 
 
 
Figure 7.2. SEM images of the CNTs showing different HfB2 coating thicknesses. Scale bar is 
200 nm. 
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Figure 7.3. Measured stress-strain curves beyond the collapse of HfB2 coated CNT pillars, for 
coating thickness of 3 (a), 16 (b), 20 (c), and 45 nm (d). The maximum value of the stress is taken 
as the compressive strength. The vertical dashed lines mark the transitions from stage I to II, and 
II to III. For the coating thickness of 3 nm in a): only the transition from stage I to II is identified, 
and the average stress at the transition is considered as the compressive strength. For the coating 
thickness of 16 nm in b): nanoindentation tests on identical pillars show that the transition from 
stage II to III occurs at different strain values; these are identified with the color-coded vertical 
dashed lines in b). 
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Figure 7.4. Measured stress-strain curves for HfB2-CNT samples with different coating 
thicknesses; the maximum strain is limited to keep the stresses within the pre-buckling regime I, 
as identified in Figure 7.3. Note that the stress-strain curve for the 45 nm thick HfB2 coating is 
shown on the right y-axis, to include the full span of the measured stresses on that sample. 
 
 
Figure 7.5. Unloading slope from Figure 7.4, plotted as a function of the corresponding maximum 
stress (normalized with buckling stress) for different HfB2 coating thickness in CNT pillars. 
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Figure 7.6. Modulus of HfB2-CNT composites as function of coating thickness (a) and density 
(b). In (b) the measured values and their scaling are compared to the calculated measured values 
based on the mathematical model described in the manuscript. 
 
 
Figure 7.7. Compressive strength of HfB2-CNT composites as function of coating thickness (a) 
and density (b). 
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Figure 7.8. Schematics used to derive a minimalistic mathematical model for the mechanical 
behavior of the HfB2-CNT composites. a) The schematics represent the CNT morphology 
observed in the SEM, which are considered as the unit cell of the HfB2-CNT composite. b) Model 
of a CNT beam whose stiffness in bending governs the modulus of the HfB2-CNT composite. The 
right panel in b) shows that for an increased coating thickness, the length of the CNT beam is 
effectively decreased
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CHAPTER 8 
FUTURE POSSIBILITIES AND PRELIMINARY RESULTS 
8.1 Bottom-up Fill of Trenches with Forward-directed Fluxes 
 In Chapter 2, I demonstrated a new superconformal method for chemical vapor deposition 
(CVD) in trenches with HfO2 films, which affords complete fill without any seam or void. The 
main requirement of this superconformal method is to operate in a kinetic regime, in which the 
film growth rate is proportional to the flux (pressure) of the rate limiting reactant, which is water 
in the case of HfO2.  With appropriate optimization of process conditions, (namely, substrate 
temperature and reactant partial pressure), such a kinetic regime can be obtained for many 
precursor-coreactant combinations (Table 8.1 and the references therein). Using this guideline, the 
superconformal method with forward-directed fluxes can be generalized to other dielectric or 
metallic materials for gap fill. Below, I briefly discuss the precursor-coreactant combinations for 
Al2O3 and SiO2; a preliminary coating result for Al2O3 is presented. 
8.1.1 Al2O3 film growth from trimethyl aluminum (TMA) and H2O 
 TMA, Al(CH3)3, is a very well-studied Al source precursor for atomic layer deposition 
(ALD) of electronic quality Al2O3 films; it is highly reactive with H2O as the oxygen source [1-3]. 
TMA has high volatility, with a vapor pressure of 12 Torr at room temperature [4], and can 
therefore be delivered to CVD reactor without the aid of a carrier gas. The high reactivity of TMA 
can, however, be moderated by using precursor rich growth conditions, such that the growth rate 
is then controlled by the water flux. 
 In preliminary experiments, I deposited Al2O3 films from TMA and water (forward-
directed) by CVD. As a first step, an optimized kinetic regime was identified by performing film 
growth experiments on planar Si substrates (Figure 8.1). For a substrate temperature of 200 °C, 
there is a range of TMA and water partial pressures (0.07-0.20 mTorr for TMA and ≤ 0.1 mTorr 
for H2O) within which the growth rate approximately saturates with TMA pressure and linearly 
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increases with water pressure; these partial pressures are suitable for superconformal coating in 
trenches with forward-directed water flux. The refractive index of an Al2O3 film, deposited with 
0.19 mTorr TMA and 0.06 mTorr H2O at 200 °C, is slightly lower than that of bulk Al2O3 (Figure 
8.2); this is typically due to a reduced physical density of films grown at low temperature. 
Nonetheless, the refractive index of the CVD grown Al2O3 film compares very well with that of a 
film grown by ALD (marked with a black dot in Figure 8.2) [1]. 
 Using the same conditions of Figure 8.2, Al2O3 coating in a rectangular trench with an 
aspect ratio of 3.5 provides a step coverage of 1.05 (Figure 8.3); the superconformal effect in this 
case is small and may not be sufficient to convert the trench to a V-shaped one with a V angle 
equal or greater than the critical value of 2° [5, 6] that was identified in Chapter 3 using a kinetic 
model. It was shown that to obtain a superconformal step coverage using the forward-directed flux 
method, the sticking probability of water needs to be low and the fraction of forward-directed 
water flux in the trench needs to be high. This information suggests that the relatively low step 
coverage in Figure 8.3 is due to a low fraction of forward-directed flux and/or a high sticking 
probability of water. 
 To enhance the fraction of forward-directed flux, a modification of the present reactor 
design is necessary; a conceptual new design was presented in Chapter 3. While reactor 
modification is a viable option, an easier alternative is to change the growth conditions to reduce 
the water sticking probability, such as decreasing the substrate temperature. Further experiments 
are needed to examine the effect of substrate temperature and reactant partial pressure. 
8.1.2 SiO2 film growth from tris(dimethylamino)silane (3DMAS) and H2O2 
 SiO2 is a common dielectric material in the microelectronics device fabrication [7], and a 
chemical route to deposit SiO2 at a low substrate temperature (< 400 °C) is of very high interest. 
Among the various Si source CVD or ALD precursors in current use, 3DMAS, SiH(N(CH3)2)3, is 
reported to be one of the most highly reactive Si precursors at a low growth temperature [8, 9]. In 
addition, the vapor pressure of 3DMAS is quite high (16 Torr at 4 °C), making it easy to deliver 
to the CVD reactor without any carrier gas. 
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 In Chapter 4, I experimentally showed (with in situ spectroscopic data) that under low-
pressure process condition, 3DMAS does not react with H2O on the growth surface at temperatures 
≤ 300 °C. However, a stronger oxidant, such as hydrogen peroxide (H2O2) or ozone (O3), can 
overcome the energy barrier to the surface reaction with 3DMAS to afford film growth at low 
temperature. In fact, ALD of SiO2 film from 3DMAS and H2O2 at substrate temperatures of 150 
to 550 °C is reported in reference [8]. Experiments using forward directed flux of H2O2 and a high 
saturation pressure of 3DMAS should be conducted in an attempt to achieve superconformal (or 
at least highly conformal) deposition of SiO2 at substrate temperatures of ≤ 400 °C. Of course, 
detailed knowledge of the growth kinetics and film properties using planar Si substrates must be 
obtained first, in order to selecte a suitable kinetic regime for superconformal SiO2 film growth. 
8.2 Static CVD (SCVD) of Fe and HfAlxBy alloy in CNT forest 
 In chapter 6, I demonstrated extremely conformal HfB2 coating in CNT forests, with 
heights of ≤ 1.7 mm, to create mesoscale foam structures. Below, I describe a few technological 
interests for which SCVD can be employed to coat and infill complex and convoluted three-
dimensional structures. 
8.2.1 Fe nanoparticles on CNTs as catalyst 
 The CNT forests used in Chapters 6 and 7 consist of vertically aligned CNTs with 
microscopic randomness that causes the neighboring CNTs to touch each other. Conformal HfB2 
coating of these contact points (nodes) create weld-like strong joints, thereby significantly 
increases the stiffness and strength of the forest structure depending on the HfB2 coating thickness. 
In chapter 7, we showed with a mathematical model that the mechanical behavior of the HfB2-
CNT composites strongly depends on the number of strongly bonded nodes. The stiffness of a 
coated forest is inversely proportional to the square of average distance between two nodes (i.e., 
the effective beam length). An increase in the number of nodes in the forest decreases the effective 
beam length in the foam structure, and thereby further enhances the stiffness of the forest. 
 A potential way to increase the number of nodes in the CNT forest scaffold is to create 
branching of the CNTs (Figure 8.4); the idea is to deposit nanoparticles of Fe catalyst on the 
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vertically aligned CNTs and then grow CNT branches starting on those Fe particles, causing a 
significant increase in the number of contact points. Later, this network of branched CNTs can be 
conformally coated with HfB2 to create a modified foam structure with reduced beam length, thus 
a higher stiffness and strength compared with the existing results.   
 Fe nanoparticles can be deposited by CVD using a well-known Fe source precursor, iron 
pentacarbonyl, Fe(CO)5, which has a very high vapor pressure of ~ 28 Torr at room temperature 
[10]. We previously studied CVD of Fe from Fe(CO)5 in both SCVD and pumped CVD, where 
we demonstrated that the film morphology, smoothness and stoichiometry can be controlled by 
optimizing the growth conditions [11, 12]. 
 As a proof-of-concept, I deposited Fe nanoparticles on CNTs with 20 Torr of Fe(CO)5 
pressure in SCVD at a substrate temperature of ≤ 200 °C (Figure 8.5a). In addition to the CNT 
forest of Figure 8.5a, a planar Si substrate (Figure 8.5b) and four other CNT forests were used in 
the same experiment (not shown) as a batch process; this resulted in a very high total growth 
surface area at temperature. Intentionally, the precursor pressure was not enough to make a blanket 
film; instead, Fe nanoparticles were obtained, which was the goal of this experiment. Note that 
blanket of Fe film is achievable using the same Fe(CO)5 pressure but a lower total surface area of 
substrate. 
 A random distribution of Fe nanoparticles is observed both on the CNTs and on the planar 
Si substrate. A subsequent attempt to synthesize CNTs on these Fe particles at 775 °C resulted in 
collapse of the forest. In the same experiment, the sample of Figure 8.5b (on Si substrate) is also 
used; CNTs of average diameter ~ 30 nm grew on those Fe nanoparticles (Figure 8.6), which 
correlates well with the average Fe particle size in Figure 8.5b. The successful use of CVD-grown 
Fe nanoparticles suggests that a second level of branching within a CNT forest should be possible; 
I propose future experiments as follows. First, the CNT forest will be coated with a thin (< 5 nm) 
layer of HfB2 to enhance the strength of the individual tubes; this will also improve the adhesion 
of the CNTs to the underlying Si substrate as reported in Chapter 6. Second, Fe nanoparticles will 
be deposited using growth conditions similar to those in Figure 8.5. Finally, the CNT forest 
decorated with Fe nanoparticles will be used to re-synthesize CNTs to create a branched network.  
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8.2.2 Fe infilling in porous Si 
 Infilling porous Si based template with a magnetic material to create one-dimensional 
nanowires are of great interest in the field of magneto-optical devices [13-16]. The magnetic 
behavior of Fe nanowires by infilling porous Si is worthwhile to investigate, given that we have 
an effective process to infill complex three-dimensional structure with Fe using Fe(CO)5 precursor 
in SCVD. This motivation led to a collaborative effort with Prof. Paul Braun and his student Mr. 
Christian Ocier. Porous Si was synthesized by Mr. Ocier, and subsequent Fe infilling and film 
characterizations were done by myself. 
 In preliminary attempts, I used porous Si samples with ~ 5 µm pore height and 30-40 nm 
pore diameter and infilled them with Fe using 22 Torr Fe(CO)5 at 150 °C by SCVD (Figure 8.7a). 
The effective aspect ratio of these pores is ≥ 125. The EDS elemental mapping in SEM shows that 
Fe infilling is achieved throughout the depth of the porous Si structure (Figure 8.7b). The analysis 
of magnetic anisotropy for these Fe nanowires is being carried out by Mr. Ocier. To confirm the 
capability of Fe infilling by SCVD, I used a companion microtrench substrate with the experiment 
of Figure 8.7. In this microtrench substrate, compete fill of Fe is observed in trenches with aspect 
ratio of ≤ 17 (Figure 8.8). This result agrees well with the Fe coating in porous Si (Figure 8.7). 
8.2.3 Conformal coating of HfAlxBy alloy in CNT forest 
 In Chapter 7, I showed that conformal coating of HfB2 thin films in carbon nanotube forest 
significantly enhances the stiffness and modules of the structures. An important requirement for 
high temperature applications of such structures is the oxidation resistance of coating material. 
The low-temperature CVD grown HfB2 films undergo crystallization when annealed at 
temperatures > 700 °C, causing cracks in the films due to volume shrinkage [17, 18]. 
Consequently, the films do not perform well for oxidation resistance at temperature > 700 °C. 
 A potential solution to the high temperature oxidization problem is to alloy the HfB2 films 
with aluminum. When exposed to an oxidizing environment at high temperature, aluminum in the 
film is expected to form a protective Al2O3 layer (crust) at the surface, thereby protecting the bulk 
of the film. This is analogous to alloying of TiN coating with aluminum, commonly used to protect 
the surface of cutting tools [19-21].  
164 
 
 In a separate project in our group, Mr. Zhejun Zhang (this project was originally started by 
a former group member, Dr. Elham Mohimi) is investigating HfAlxBy alloy films by co-flowing 
Al source precursor, trimethylamine alane (TMAA), with Hf(BH4)4 in pumped CVD. In 
preliminary experiments, Mr. Zhang grew films with different concentration of Al, and subsequent 
annealing of these films in an O2 containing environment at 800 °C resulted in a Al2O3 crust 
formation on the film surface. This is a highly promising result, and I believe that the knowledge 
from this research can be transferred to SCVD to coat CNT forest with HfAlxBy alloy films. Since 
the simultaneous presence of two reactants with high partial pressures can results in the formation 
of intermediary products in gas phase reaction, experimental studies are necessary to understand 
the effect of growth temperature and partial pressures of the reactants in SCVD.  Preferably, we 
need a source precursor for Al which does not react in the gas phase with Hf(BH4)4 at a growth 
temperature of ≤ 200 °C.  In case such a precursor is not available, alternating thin layers of HfB2 
and Al can be deposited by SCVD cycles (only one reactant at a time); this is likely to afford films 
with enhanced oxidation resistance at high temperature. 
8.3 Forward-directed Fluxes to Conformally Coat CNT Forest in Pumped 
CVD 
 In chapter 6, I demonstrated conformal HfO2 coating in a CNT forest, deposited using 
forward-directed fluxes of TDMA-Hf precursor and water co-reactants in pumped CVD. In that 
work, the forward-directed ballistic fluxes were apparently able to penetrate all the way down to 
the bottom of the forest, affording a high degree of conformality before pinch-off at the opening 
near the top. Notably, the HfO2 film was obtained from a two-reactant CVD system, which would 
not be possible in SCVD due to the gas phase reaction of TDMA-Hf and water.  
 In addition to HfO2 film, the materials shown in Table 1 are suitable candidates as coating 
material for various thermo-mechanical and electrical applications. For example: conformal V2O5 
coating of CNT is of high interest in gas sensing devices [22, 23] and as electrodes in new 
generation energy storage devices [24]; conformal coating of Al2O3, a refractory high-K dielectric, 
has applications in nanotube field effect transistors [25]; TiN is a benchmark material for 
tribological applications and has recently been used as a coating material on CNT for 
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electrochemical supercapacitors [26]; and TiO2 coated CNTs are reported as filter for rapid and 
effective arsenic sorption [27]. 
 Similar to HfO2, CVD of the above materials needs co-flowing of two reactants (Table 1). 
Experimental investigations of conformal coating in CNT forests using forward-directed fluxes of 
these reactants (material system) may lead to fruitful composite structures. 
8.4 Low Temperature Deposition of Conformal SiNx Films 
 Silicon nitride (SiNx) thin films have been subjected to extensive research and engineering 
studies [28, 29]. SiNx films are used for many critical functions in microelectronic devices; such 
as dielectric layer, charge storage layer, stress liner, masking layer, diffusion barrier, and 
passivation layer [30, 31]. Low-pressure CVD (LPCVD) affords conformal SiNx films, but the 
process requires a high temperature (≥ 700 °C) that exceeds the thermal budget of these devices 
[32]. Current state-of-the-art technologies usually employ plasma enhanced CVD (PECVD) to 
grow SiNx films at low temperature (≤ 400 °C) [32], however, the conformality (step coverage) of 
SiNx films deposited by PECVD are usually not as good as those deposited by LPCVD [33, 34]. 
 I worked in a collaborative research with Prof. Gregory S. Girolami and his student Mr. 
Nels T. Anderson on low temperature CVD of SiNx films. Prof. Girolami and Mr. Anderson have 
recently synthesized a single-source precursor, 1,1-diazido-silalcylopent-3-ene, as a candidate for 
SiNx CVD growth; the synthesis of this chemical is known in the literature, but there is no report 
on using this for film growth. While the safe handling of this precursor in a turbo pumped CVD 
system is still being evaluated, Mr. Nels grew a few films using a Pyrex tube reactor which was 
evacuated by a roughing pump (base pressure ~ 10-2 Torr). I characterized the films for materials 
properties and conformality in deep trenches. 
 Film grown at 400 °C have dense and column-free microstructures with low surface 
roughness (Figure 8.9a). It contains a high amount of C and O (Figure 8.9b), likely due to the poor 
vacuum condition used during the deposition, which is inefficient to remove moisture and 
hydrocarbon impurities from the reactor. Because of the C and O contamination, we refer to this 
film material as SiNxCyOz. Refractive index of the film of Figure 8.9a is slightly lower than that 
of bulk Si3N4 [35] and higher than that of bulk SiO2 [35]. Considering the C incorporation into 
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film, this is a promising result. Film grown on microtrench substrate using the same condition of 
Figure 8.9 has nearly unity step coverage in trenches with aspect ratio of ≤ 7. 
 Future experiments using the 1,1-diazido-silalcylopent-3-ene precursor in a turbo pumped 
CVD reactor is necessary to minimize the C and O contaminations in the films. Further 
characterization, such as etch rate study, is also needed to verify the usefulness of these films for 
microelectronic device fabrication. 
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8.6 Tables and Figures 
Table 8.1. Potential precursor-coreactant combinations for bottom-up fill in trenches (or vias) 
using forward-directed fluxes 
Film 
material 
Metal 
Precursor 
Co-reactant 
Substrate 
temperate range 
(°C) 
Reference 
Al2O3 Al(CH3)3 H2O 25–425  [1-3] 
SiO2 
SiH(N(CH3)2)3 H2O2 or O3 150–550 [8, 9] 
Si(N(CH3)2)4 O3 100–400 [36] 
Si(OCH2CH3)4 O3 125–400 [37, 38] 
TiO2 
Ti(N(CH3)2)4 H2O 50–330 [39] 
Ti(H3BNMe2BH3)2 H2O 150–450 [40] 
V2O5 V(N(CH3)2)4 H2O 50–200 [41] 
TiN Ti(N(CH3)2)4 NH3 150–300 [42] 
VN V(N(CH3)2)4 NH3 150–300 [43] 
 
 
Figure 8.1. Al2O3 film growth rates on planar Si substrates as a function of TMA (a) and H2O (b) 
partial pressures at a substrate temperature of 200 °C. Film growth rates are measured by in situ 
spectroscopic ellipsometry. 
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Figure 8.2. Index of refraction for CVD grown Al2O3 film, deposited with 0.19 mTorr TMA and 
0.06 mTorr H2O at 200 °C. The refractive index for bulk Al2O3 [35] and ALD grown Al2O3 film 
(black dot) [1] are shown for comparison. 
 
 
Figure 8.3. SEM image of trenches with aspect ratio of 3.5, coated using 0.19 mTorr TMA and 
0.06 mTorr H2O at 200 °C. The step coverage, below the slight bread-loaf at trench opening, is 
~ 1.05 (slightly > 1). 
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Figure 8.4. Schematic process flow of hierarchical CNT foams with a 2nd level branching and 
coating. Pristine CNTs are decorated with Fe particles by CVD; a 2nd growth of CNT branches is 
performed, followed by conformal coating (e.g., with HfB2) to cross-link the hierarchical foam. 
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Figure 8.5. SEM images showing SCVD deposited Fe nanoparticles with 20 Torr of Fe(CO)5 in a 
CNT forest of height 0.4 mm (a) and on a planar Si substrate (b). In addition to these two samples, 
four other CNT forests were used in the same experiment (not shown), resulting in a high total 
surface area. 
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Figure 8.6. SEM images of CVD synthesized CNTs on the sample of Figure 8.5b. a) Low 
magnification image showing the full height of the synthesized CNT forest. b) Magnified image 
showing an average CNT outer diameter of 30 nm. Growth conditions: co-flow of C2H4, He and 
H2 with flow rate ratio of 1:4:1 at 775 °C in Pyrex tube reactor. 
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Figure 8.7. Fe infilling in porous Si using 22 Torr Fe(CO)5 at 150 °C by SCVD. a) Cross-sectional 
SEM image showing the full height (thickness) of the porous Si structure on Si. The pores have a 
height of ~ 5 µm and diameter of 30-40 nm, and the corresponding aspect ratio is ≥ 125. b) EDS-
SEM elemental map of the same cross section showing infilling of Fe all the way down to the 
bottom of the pores. 
 
 
Figure 8.8. Complete Fe fill in trenches with aspect ratio of ≤ 17, coated in the same experiment 
of Figure 8.7 (a companion sample). 
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Figure 8.9. a) Cross-sectional SEM image showing ilm thickness of 60 nm, deposited with flowing 
365 µL 1,1-diazido-silalcylopent-3-ene precursor at 400 °C for 5 hours in Pyrex tube reactor. The 
reactor tube is continuously pumped under a roughing vacuum (~ 10-2 Torr). b) Auger depth profile 
for the same sample. Due to charging effect on the film surface Auger data are interpreted 
qualitatively. c) Refractive index of the same film as a function of wavelength. Refractive indices 
of bulk Si3N4 [35] and bulk SiO2 [35] are shown for comparison. 
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Figure 8.10. a) Cross-sectional SEM image of trenches with aspect ratio of 3.5 (a) and 7 (b), coated 
with SiNxCyOz film grown using the same conditions of Figure 8.9. 
